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Referat:
Das System der Thermosphäre/Ionosphäre wird zu einem überwiegenden Teil
durch Variationen der extrem ultra-violetten solaren Strahlung angetrieben. Diese
weist periodische Schwankungen auf, die durch den solaren Zyklus sowie durch
die solare Rotation und der Rotation der Erde bestimmt werden.
Beobachtet werden ebenso Anomalien und periodische Oszillationen im Bereich
von einigen Tagen, die nicht auf solar-terrestrische Effekte allein zurückzuführen
sind. Es wird deshalb vermutet, dass ein Teil der Gesamtvariation in der Ionosphäre
durch Wellen aus unteren Atmopärenschichten verursacht werden. In dieser Ar-
beit wird die saisonale Variation von Wellenaktivität der Ionosphäre und deren
mögliche Beziehung zur mittleren Atmosphäre dargestellt. Da derartige globale
Störungen in der Stratosphäre als planetare Wellen (PW) bezeichnet werden, be-
nennt man ähnliche Erscheinungen in der Ionosphäre als planetare Wellen typis-
che Oszillationen (PWTO), obwohl eine direkte Verbindung beider ausgeschlossen
ist.
Karten des Gesamtelektronengehalts (TEC) der Ionosphäre, welche die Nordhemis-
phäre abdecken, werden dazu verwendet um eine räumliche- und zeitliche Anal-
yse von PWTO durchzuführen. Bislang wurden diese überwiegend für die Un-
tersuchung der Ionosphäre bzgl. einer Diagnose des Weltraumwetter verwen-
det. Der Vergleich zu stratosphärischen Analysen von PW zeigt koexistierende
Wellenmuster und somit eine mögliche Kopplung für den Zeitraum 2002-2008.
Obwohl jährlich wiederkehrende Erreignisse von gleichzeitigem Auftreten bes-
timmter Wellenkoponenten im Verlauf eines halben solaren Zyklus selten sind,
gibt es Kandidaten wie die westwärts wandernde quasi 16-Tage Welle mit zonaler
Wellenzahl 1, die eine indirekte Kopplung vermuten lassen. Im Allgemeinen je-
doch treten Übereinstimmungen vielmehr in der Nähe des solarenMaximum (2002-
2005) auf.
Es gibt einige Vorschläge auf welche Weise Informationen der PW in die Ther-
mosphäre/Ionosphäre gelangen können. Vertikalsondierungen der mittleren At-
mosphäre durch die Fernerkundung vom Satelliten (z.B. SABER/TIMED) liefern
geeignete Informationen zur Untersuchung der vertikalen Kopplung durch Schw-
erewellen. Dabei wird die potentielle Energie für ein bestimmtes Spektrum ver-
tikaler Wellenlängen herausgefiltert und ein Proxy wandernder Wellen berech-
net, der die Modulation von Schwerewellen durch PW abschätzt. Die Ergebnisse
zeigen, das ein Teil der Schwerewellen in die Thermosphäre eindringen kann und
somit auf indirektem Weg PW übertragen. In einigen Fällen, ganz besonders
während der ersten 3 Winter besteht eine gute Korrelation zwischen wandern-
den PW, dem modulierten Signal in der unteren Thermophäre sowie im Index für
wandernde PWTO der F-Schicht bei etwa 300 km.
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Report:
The ionosphere-thermosphere can be considered to a certain degree as a system,
which is externally-driven by the extreme-ultraviolet solar radiation. The main
components in the regular variation are connected to the solar cycle, solar rota-
tion and the diurnal cycle. However, anomalies and periodicities of several days,
which cannot be related to changes in the solar activity at all times, were detected
in ionospheric parameters. It is assumed that the total variation in the ionosphere
is partly forced by waves coming from below. This thesis provides a clearer picture
of the seasonal changes of wave phenomena observed in the ionosphere and its
possible relation to lower atmospheric structures. Since such global disturbances
in the middle atmosphere are termed as planetary waves (PW), such features in
the ionosphere are declared as planetary wave type oscillations (PWTO), although
a direct connection is excluded.
Northern hemispheric maps of the Total Electron Content (TEC) derived from GPS-
signals that are currently used for monitoring the ionospheric F-region in relation
to space weather provide a basis for investigating PWTO applying space-time anal-
ysis methods to separate stationary and traveling wave components from the data.
Compared to analyses of PW obtained by regular stratospheric reanalyses the sea-
sonal behavior and possible coexisting wave activities during the considered pe-
riod of time (2002-2008) are presented. Such a climatological consideration has
revealed that recurring events in the course of the solar cycle are rare, but it
seems that the westward propagating quasi 16-day wave with zonal wavenumber
1, analysed from stratospheric MetO reanalyses, and the ionosphere are indirectly
coupled. Generally, the correspondence of other components are restricted around
the solar maximum 2002-2005.
There are some suggestions, how the middle and upper atmosphere are connected
by PW. Sounding of the middle atmosphere by remote sensing techniques from
satellites (e.g. SABER on TIMED) deliver a suitable basis to investigate the cou-
pling by the modulation of gravity waves (GW). By calculating the potential energy
for a certain wave spectrum, characterized by vertical wavelength shorter than 6
km, and determining proxies of traveling waves permits to investigate a possible
mechanism. The results reveal that GW partly penetrate the lower thermosphere
carrying a modulation by PW. In some cases, especially during the first three win-
ter, near solar maximum, stratospheric PW show a good correlation to indirect
signals in the lower thermosphere and to PWTO in the ionospheric F-region near
300 km.
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1 Introduction
The research on Climate And Weather of the Sun-Earth-System (CAWSES) is one
of the main objects in atmospheric sciences, which includes the investigation of
the variability of the solar radiation on several time scales and the linkage to
solar-terrestrial processes from the heliosphere and magnetosphere over the ther-
mosphere/ionosphere to the climate of the middle and lower atmosphere. In-
ternational scientific programs organized by the Scientific COmmittee on Solar-
TErrestrial Physics (SCOSTEP) were mobilized in the last decade to understand
aspects of solar-terrestrial influences on global climate changes. Beyond projects
with focus on solar impacts on climate and space weather forecasting, atmo-
spheric coupling processes caused by downward (solar- and magnetospheric ef-
fects) and upward (tropospheric effects) propagating forces are studied to gain
insight into the long-term behaviour of the thermosphere-ionosphere system and
a space weather climatology.
While a dominant connection between the solar activity and upper atmosphere
parameters (e.g. temperature, electron density) exists, upward propagating sig-
nals from lower atmospheric layers are expected. Due to the superposition with
other in-situ or external drivers, the understanding of vertical coupling by waves
is a most complicated issue.
The main objective of this thesis is the investigation of global scale wave phenom-
ena at different atmospheric layers from the middle atmosphere (stratosphere,
mesosphere) to the upper atmosphere (thermosphere/ionosphere). In contrast to
the well-known climatology of stratospheric planetary waves (PW), the connec-
tion with planetary wave type oscillations (PWTO) observed in the ionosphere is
still not clearly answered. A relatively new database of the Total Electron Con-
tent (TEC) derived from GPS-signals is provided by DLR Neustrelitz since 2002.
The TEC-maps are available as hemispheric data and are analysed here to study
the possible coupling between the stratosphere and ionosphere by PW. Until now,
such maps are predominantly used for monitoring the ionospheric response in re-
lation to space weather.
This thesis that is focusing on the research of PW in the ionosphere was done in
collaboration between the Institute for Meteorology (University of Leipzig), the
Institute for Communication and Navigation (DLR-Neustrelitz) and the Russian
State Hydrometeorological University (St. Petersburg).
Generally, the data coverage for the investigation of dynamic processes in the mid-
dle and upper atmosphere depends on altitude. Over the last decade remote sens-
ing techniques from satellites (e.g. SABER and TIDI on TIMED) became more and
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more important to close the huge data gap. Single globally distributed ground-
based measurements (e.g. ionosonde, radar, lidar) cannot provide a satisfying pic-
ture of upper atmospheric dynamics as a whole. Thus, each available operational
system is necessary to obtain information of the thermosphere-ionosphere system.
The ionosphere as a part of this system effects the propagation of radio signals
between satellites and ground based receivers depending on electron density. The
ionized plasma behave to a certain degree as a tracer in the neutral atmospheric
wind systems. This property is used to derive the state of the ionospheric F-region
near 300 km from GPS satellite signals.
Signatures of PWTO observed in the ionosphere might be caused by different pro-
cesses, either by external forces (e.g. by variations of solar- and geomagnetic ac-
tivity) or are internally driven by vertical propagating waves from lower to higher
altitudes. Theoretical prediction and model experiments have shown that a direct
propagation of PW from the stratosphere into the thermosphere is rather unlikely.
Hence, indirect processes should be responsible and considered to understand at-
mospheric coupling between the different layers.
In the following subsections of this introductory Chapter a short overview about
the state of the research in this field is given. After that, the new aspects and re-
sults derived in this thesis are presented based on SABER satellite data, reanalyses
and TEC-maps.
1.1 Studies of atmosphere-ionosphere coupling
The vertical coupling between middle atmosphere (stratosphere, mesosphere and
lower thermosphere) and upper atmosphere (thermosphere/ionosphere) by plan-
etary waves (PW) is of interest in atmospheric science. In many cases ionospheric
data is used to obtain indirect information about the neutral atmosphere because
the ionized plasma is more convenient to measure by remote sensing techniques.
Further, the plasma is considered to a certain degree as a tracer for thermospheric
wind systems. Recent observations from TIMED satellite (e.g. Pancheva et al.,
2009b, 2010; Mukhtarov et al., 2010) and model studies (e.g. Forbes, 2000; Fröh-
lich et al., 2003; Pogoreltsev et al., 2007) have shown that a direct propagation of
stationary and long-period PW into the ionosphere-thermosphere system (ITS) is
not directly possible. These modeling experiments demonstrated that only ultra-
fast Kelvin waves and secondary waves are able to reach the lower thermosphere.
However, planetary wave type oscillations (PWTO) were found at about 300 km
(F-region) in several ionospheric parameters (e.g. the critical plasma frequency of
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the F2-layer ( foF2) and the total electron content (TEC)) in coexistence to PW in
the middle atmosphere. These global scale waves are characterized by a westward
directed phase speed, a small zonal wavenumber (k=1,2,3) and periods of several
days, that is, typically 2-, 5-, 10- and 16-days (e.g. Salby, 1981a,b).
The main variabilities of the ionosphere are caused by changes in the extreme ul-
traviolet (EUV) solar radiation, X-ray flux and geomagnetic activity (e.g. Prölss,
2001; Laštovicka, 2009). Regular variations in the ionosphere show periods of the
solar rotation (∼27 days) modulated by the 11-year solar cycle. Additionally, a
strong diurnal component in the ionization dominates due to the apparent motion
of the sun in the course of a solar day. During high external forcing (more irreg-
ular) the ionospheric response shows signals at high and low wave frequencies.
Ionospheric patterns that have similar oscillations as those in the stratosphere are
called meteorological influence (e.g. Forbes, 1996; Forbes et al., 2000; Laštovicka,
2006).
The simultaneous detection of wave signatures provides evidence that indirect
coupling mechanisms exist in the stratosphere and ionosphere. While the clima-
tology of middle atmosphere PW is well described by e.g. Prata (1990); Fedulina
et al. (2004); Mager and Dameris (2005) a climatological picture of ionospheric
wave activities and their characteristics in the course of the seasonal cycle are not
satisfactorily investigated. Many case studies for different periods of time show
different results, but a uniform long-term comparison covering a complete solar
cycle is still missing as well as model results, which are focusing on the coupling
between middle and upper atmosphere (including ionosphere).
One potential way to transfer information of PW into the ITS is the modulation of
GW by PW (e.g. Forbes, 1996). Such small-scale wave phenomena can be consid-
ered as a direct connection between troposphere and thermosphere, where they
are able to trigger PWTO in the electron density. A similar relation is given for typ-
ical periods of 24- and 12-hours (e.g. Laštovicka and Sauli, 1999; Pancheva et al.,
2002). Tidal waves are also taken into consideration as a candidate for an indirect
coupling by their modulation through PW. Even the modulation of the dynamo
electric field by PW (e.g. Mukhtarov et al., 2010) is possible to transfer signatures
of PW to the F-region maximum by the plasma drift.
Basically, PWTO, that are easily detected by spectral analysis of ionospheric data
may have different origins (external or internal) or are results of superposed
effects. Most of the observed PWTO in the ionosphere are generated by quasi-
periodic variations of the solar- and geomagnetic activity, which can be approxi-
mated by planetary indices (e.g. Altadill et al., 2001, 2003; Pancheva et al., 2002).
Thus, during situations of weak solar and strong PW activity in the stratosphere
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(especially in winter) it is expected to find these lower atmosphere signatures in
the spectral response of the ionosphere. Due to the similar seasonally pattern of
stratospheric PW and ionospheric PWTO shown by Borries et al. (2007), analysing
ionospheric TEC maps from 2002 to 2005 in space and time. They suggested a
persistent coupling in winter, although the observed coexistence for certain wave
types seems to be rare or intermitted. This case study showed a coincidence of
the westward traveling ionospheric PWTO (k=1) close to 10-day accompanied by
stratospheric PW activity at midlatitudes during winter.
Previous results from other studies, which investigate wave phenomena in the
ionosphere, found e.g., an oscillation of quasi 6 day in the maximum height of the
ionospheric F2-layer (hmF2) over Millstone Hill (42.6°N/71.5°W), which was in
accordance to MLT zonal winds as demonstrated by Pancheva et al. (2002). These
authors suppose that the modulated semi-diurnal tide is probably generated the
planetary wave signatures in the ionosphere. Altadill et al. (2003) measured and
analysed spectrally neutral MLT winds and ionospheric f oF2 data at several lo-
cal stations around a latitude band (30°N-70°N) in space and time. A common
6-day wave event with a different zonal wavenumber was found and explained
as a global unstable mode (Meyer and Forbes, 1997b). However, by the study of
Lawrence and Jarvis (2003) strong PW activity in the stratosphere can sometimes
coincide with a complete lack of wave activity at higher altitudes.
While in Gordienko et al. (2005) and Aushev et al. (2006) a good coincidence
between PWTO in f oF2 and those of geopotential heights for periods of about
5 and 9–14 days has been obtained over Alma-Ata (43.3°N/56.9°E), Xiong et al.
(2006) detected oscillations in geomagnetic activity with dominant periods of 5-,
10-, 13.5-day and interpret these as the most important drivers for PWTO. Only
two cases of 2- and 5-day oscillations in the ionosphere are analysed to distinguish
MLT drivers and geomagnetic drivers.
Recently, Mukhtarov et al. (2010) observed a quasi 18-day westward propagat-
ing planetary wave with a wavenumber 1 in the F-region plasma ( f oF2, T EC)
simultaneously with the stratosphere/mesosphere/lower thermosphere region us-
ing temperature observations from TIMED/SABER satellite during the Arctic win-
ter of 2005/2006. Plasma oscillations of the zonal mean with periods of around
9-, 14- and 24–27 days turned out to be of solar origin.
As published by Pedatella and Forbes (2010), there exists a connection between
strong sudden stratospheric warming (SSW) events and disturbances seen in the
ionosphere and caused by tidal waves. They analysed stratospheric zonal wind
and temperature in comparison to ionospheric TEC data from Jan-Mar 2009 and
found a footprint of a SSW in the semi-diurnal component of TEC.
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One can see that at present many case studies of vertical coupling between strato-
sphere and ionosphere were already published (Tab. 1), which still give an incom-
plete picture of processes. Therefore, this thesis focuses on climatological aspects
by spectral analysis of different datasets with respect to periods of several days. If
there are iterative structures of simultaneous occurrences, a coupling mechanism
is likely.
Author Time Station Parameter Result
Meyer and Forbes (1997a) Model 6.5d (k1w)
Laštovicka and Sauli (1999) 1984 Central Europe f oF2 5-6d
Pancheva et al. (2002) 1998-2000 Millstone Hill (42.6°N/71.5°W) hmF2, uMLT 5-6d
Altadill et al. (2003) 1998 30-70°N f oF2, vMLT 6d (k2w)
Lawrence and Jarvis (2003) 1997–1999 Halley (76°S/27°W) f oF2, uMLT ,u10hPa
Gordienko et al. (2005) 1988–1999 Alma-Ata (43.3°N/56.9°E) ∆ f oF2, T10hPa, O2 5d and 9–14d
Xiong et al. (2006) 2002-2003 Wuhan (30.6°N, 114.5°E) f oF2, uMLT 2d and 5d
Borries et al. (2007) 2002-2005 50°N TEC, u10hPa 10d (k1w)
Mukhtarov et al. (2010) winter 2005/06 50°N T EC, TSABER ∼18d (k1w)
Pedatella and Forbes (2010) winter 2009 50°-90°N T EC, u10hPa, T10hPa SSW
Table 1: List of published results with respect to the stratosphere-ionosphere coupling
by PW
As already shown by ,e.g. , Garcia et al. (2005); Zhang et al. (2006); Pancheva
et al. (2009a,b); Mukhtarov et al. (2010), global scale waves such as PW and
tides can be analysed spectrally from unevenly spaced SABER data. In order to
understand the modulation of GW by PW that is assumed to be the most probable
mechanism of vertical coupling between stratosphere and ionosphere long-term
information of GW in the middle atmosphere are necessary. Krebsbach and Preusse
(2007) inferred GW activity from SABER temperature data and , e.g., Tsuda et al.
(2000); Preusse et al. (2002, 2006); Fröhlich et al. (2007) have shown how to
extract information of GW from globally distributed temperature profiles by cal-
culating the potential energy (Ep). However, a climatology of GW and their mod-
ulation by global scale waves (such as PW and tides) from satellite data are still
rare. Preusse et al. (2001) found that a modulation of GW by tides was present
in CRISTA temperature profiles. From a local medium frequency radar (MF) data
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over Saskatoon (52°N) by Manson et al. (2003) modulating influences on GW
variances with periods of 2- and 16-days were found in the MLT region. A general
overview about the coupling of PW, tides and GW in the mesosphere and lower
thermosphere is given by (e.g. Williams et al., 1999; Espy et al., 2004).
1.2 Configuration for a possible atmosphere-ionosphere cou-
pling
The basic principle of the possible coupling between stratosphere and ionosphere
by gravity wave (GW) modulation is illustrated in Fig.1.
Figure 1: The scheme demonstrates the most important processes to study the vertical
coupling between the stratosphere and ionosphere by the modulation of GW by PW.
It is shown a height-latitude cross section depicting the atmosphere from the South
to the North Pole and from ground surface up to about 300 km altitude. The dif-
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ferent atmospheric layers at 10 km, 50 km, 90 km and 300 km are labeled by lines.
These layers indicate the tropopause, stratopause, mesopause and ionospheric F-
region, respectively.
The figure represents winter conditions in the northern hemisphere (NH), charac-
terised by a mean westerly wind (blue circle) and the oppositely directed easterly
wind (red circle) in the southern hemisphere (SH). In the upper mesosphere the
amplitudes of upward propagating small scale gravity waves (GW) grow, waves
become unstable and break there, which leads to a deceleration of the mean wind.
Global scale planetary waves (PW) forced in the troposphere are filtered by east-
erlies, but can freely propagate upward into the mesosphere by westerlies during
winter. In the upper atmosphere (thermosphere/ionosphere) molecular processes
such as ionisation becomes relevant. Due to the fact that the number of photons in-
crease and the density or concentration of the neutral atoms decreases with height
consequently, a maximum of free electrons is detected near 300 km (dashed line),
called F-region.
Although the received extreme ultra-violet solar radiation (orange wavy arrows)
maximises in summer, the highest electron density (small filled circles) is observed
in winter caused by a meridional transport with the neutral wind (thick arrow) di-
rected from the summer to the winter hemisphere. Measured signals of planetary
wave type oscillations (PWTO) in the ionosphere (e.g. total electron content de-
rived from GPS) with periods close to that of stratospheric PW were found during
winter. Even though a direct coupling and vertical propagation of PW (thick wavy
arrow) into the thermosphere-ionosphere system is not possible, indirect processes
have to be taken into account. However, most of the PWTO are caused by varia-
tions of external sources and their interactions with the geomagnetic field.
Assuming the existence of a coupling between stratosphere and ionosphere by
waves, called meteorological influence, indirect mechanisms have to be respon-
sible. The modulation of small scale GW (thin wavy arrow) by global scale PW
(thick wavy arrow) is considered as one likely process to transfer information
from lower and middle to the upper atmosphere. Small-scale phenomena in the
ionosphere are named as traveling ionospheric disturbances (TID) and their ver-
tical integrated magnitude can be obtained by high-temporally resolved TEC data
derived from GPS signals. If common or simultaneous signals of PW coexist with
indirect signatures of PW caused by the modulation of GW and ionospheric PWTO
the vertical coupling seems likely.
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1.3 Scope of this thesis
The influence of stratospheric PW at about 50 km on the variation of the iono-
spheric F-region (300km) is studied in this thesis, which is divided into two main
parts. In the first one a spectral climatology of stratospheric PW and ionospheric
PWTO is presented and a picture of a typical wave activity is drawn. The second
one investigates a possible coupling process by modulated GW. PW that cannot
directly propagate into the ionosphere-thermosphere system are able to reach in-
directly the lower thermosphere by such a wave interaction.
Task I: Climatology of PW in the stratosphere and ionosphere
Global reanalysis data and regional TEC maps are analysed to obtain a climatology
of stratospheric PW and ionospheric PWTO at the midlatitudes. The space-time
spectral analysis methods, introduced in Sections 3.1 and 3.2, were applied to dif-
ferent atmospheric datasets resulting in stationary and traveling wave components
for each latitude circle. Proxies of PW deliver a less complex picture of the wave
activity and are more suitable for a comparison of different datasets. Before ap-
plying the ionospheric data, a normalisation (Section 3.3) is introduced to reduce
the strong long-term regular solar cycle effects in TEC by calculating a differential
TEC. For the time period between 2002-2008 the connection of stratospheric PW
and ionospheric PWTO is investigated. The result leads to a spectral climatology
of PW which are simultaneously visible in the ionosphere and stratosphere.
Task II: Possible PW-coupling by the GW modulation
The mechanism of the vertical coupling between the stratosphere and thermo-
sphere/ionosphere by the modulation of GW through PW is explored in the sec-
ond part. It is known that PW cannot directly propagate into the thermosphere,
but the signature can be transported vertically by GW, where they may trigger
PWTO in the ionosphere. In order to study this process, space-based tempera-
ture profiles (30-130 km) from SABER instrument on TIMED satellite are filtered
to retrieve the potential energy of a certain GW spectrum. By fitting the orbital
data to a daily regular 3D-grid, PW and the modulation of GW can be analysed
by calculating proxies of stationary and traveling PW. Collecting all direct and
indirect information of PW from different datasets at different heights it is pos-
sible to create a common picture. It is demonstrated, how PW might reach the
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thermosphere-ionosphere system. Therefore, a process chain of the coupling is
derived.
At the end of this introductory section, the structure of this thesis has to be shortly
summarised. The data, which are applied to study the climatology of stratospheric
PW and ionospheric PWTO and their possible connection, are described in Section
2. The methods for preparing the ionospheric TEC-maps and the temperature
data from satellite are discussed in Section 3. The description of the spectral and
non-spectral space-time analysis tool to extract stationary and traveling PW infor-
mation from the data is also included in this Section. In Chapter 4 and 5 the basic
dynamics of the middle and upper atmosphere are outlined. Therefore, the clima-
tological behaviour of the background wind and temperature as well as the sea-
sonal variation of large-scale disturbances such as PW and tides are presented and
compared to model results. In Section 6 a climatology of PW in the stratosphere
(MetO), mesosphere (SABER) and ionosphere (TEC) at midlatitudes is derived.
Seasonal mean frequency (period)-wavenumber and time-frequency spectra in-
dicate their seasonal variability and the possible coexistence of PW and PWTO.
Finally, a possible coupling mechanism of simultaneously observed wave signa-
tures are regarded in Section 7 by analysing GW signals derived from temperature
profiles with respect to their modulation by PW up to the lower thermosphere
(∼130km). The potential process chain of the coupling (PW→GW→TID→PWTO)
is visualised.
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2 Data basis
For the investigation of the coupling between the stratosphere and the ionosphere
by PW several datasets with different spatial and temporal resolution are analysed.
Figure 2 shows a scheme, which represents the vertical data coverage. On the left-
hand side of this figure a characteristical profiles of the temperature (solid line)
and the electron density (dashed line) from the ground up to about 300 km alti-
tude are depicted. The scheme also indicates the vertical structure of the neutral
as well as the ionised component of the atmosphere. Furthermore, different color
boxes are shown which stand for different almost global datasets and their length
indicates their vertical coverage.
Meteorological parameters of wind components, temperature and geopotential
height up to the upper stratosphere (∼50 km) are operationally provided by na-
tional weather services (e.g. MetOffice). Such daily atmospheric reanalysis prod-
ucts are usually provided on a regular global gridded structure.
Satellite remote sensing techniques (e.g. TIMED/SABER) extent the data obtained
from reanalyses. In particular, the limb-sounding of temperature profiles covering
the stratosphere, mesosphere and lower thermosphere delivers useful information
about the thermal structure and composition between the height range of 30-130
km. Due to the orbital geometry of the satellite, observations for each single pro-
file depends on longitude, latitude and local time. Thus, the daily data products
obtained from satellite measurements have to be assimilated to a regular grid,
from which the state and variability of the neutral atmosphere can be retrieved
up to the lower thermosphere. Nevertheless, this technique provides a continuous
picture in a latitude range between 45°S and 45°N only.
Regional GPS TEC-maps (red box) that cover the northern hemisphere are suit-
able to monitor the state and variability of the ionospheric F-region (∼300 km).
The vertically integrated electron density is analysed at midlatitudes with respect
to PWTO activity studied by simultaneous observations of stratospheric PW. Al-
though the TEC-maps represent vertically integrated values of the state of the
ionosphere, most of the variances can be related to the height of the maximum
electron density.
In principle, data from local ground based remote sensing techniques (e.g. radar,
ionosonde) can be included. However, due to the large amount of data sources,
the integration of such local measurements lies beyond the scope of this thesis and
are not considered here.
Finally, the last box (yellow) represents the height range of an extended model for
the neutral middle and upper atmosphere (MUAM). This model has been devel-
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oped by Pogoreltsev et al. (2007) and used here to carry out some experiments.
In particular, climatological aspects are investigated with the model.
Figure 2: The scheme illustrates the vertical coverage of the used global atmospheric
data (color boxes) in relation to the thermal structure of the neutral atmosphere
(solid line) and the vertical electron density distribution of the ionosphere (dashed
line). The Middle and Upper Atmosphere Model (MUAM) covers the height range up
to about 400 km.
2.1 Stratospheric reanalysis data
Planetary waves with periods of several days and small wavenumbers can be
analysed from daily reanalysis data, which provides a meteorological data ba-
sis for the altitude range from the troposphere to the lower mesosphere (∼60
km). The British Atmospheric Data Center (BADC) offers 3-dimensional strato-
spheric assimilated data (Swinbank and O’Neill, 1994; Swinbank and Ortland,
2003) from MetOffice (MetO), which can be downloaded from the website http:
//bad.ner.a.uk (after registration). Since 1991, meteorological observations
(e.g. satellite temperature profiles, radiosonde data) are assimilated as the pri-
mary product at 12 UTC and temperature, geopotential height and wind compo-
nents, on standard Upper Atmosphere Research Satellite (UARS) pressure levels
from 1000 hPa to 0.316 hPa, are available on a 2.5° latitude by 3.75° longitude
global grid.
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Pressure RMS: U RMS: T RMS: H
1000 hPa 6.0 m/s 1.0 K 10 m
tropopause 9.0 m/s 1.5 K
100 hPa 6.0 m/s 1.0 K 20 m
10 hPa 8.0 m/s 1.0 K 70 m
1 hPa 12.0 m/s 2.0 K 100 m
Table 2: Estimated errors in the assimilated fields based on information provided by
the Met Office (http: // bad. ner. a. uk/ data/ assim/ assimhelp. html ).
The data assimilation is performed in two steps. At first, the observational data is
compared to the forecast data in order to check whether the observations of differ-
ent types are consistent with each other. Then, the numerical model is ran in the
assimilation mode, in which the model fields are adjusted towards the observed
data. From the errors given in Tab. 2, some information about the data quality
can be retrieved. With increasing height the estimated RMS error increases, due
to a lack of observations. Since March 2006 higher resolved MetO reanalyses of
0.56° x 0.37° are available up to 0.1 hPa (∼67 km). However, for the interest on
global scale waves, such improved resolution is not obligatory. Amongst others,
the size of one file is 44 times larger than the old one.
Another reanalysis project is provided by the National Centers for Environmen-
tal Prediction (NCEP) and the National Center for Atmospheric Research (NCAR)
based on an operational scheme, which assimilates a 40-year frozen global data
assimilation scheme described by Kalnay E. (1996). Data from radiosondes, air-
crafts and satellites are assimilated in a 2.5° x 2.5° global grid (144 x 73) , which
consists of 17 pressure levels from 1000 hPa to 10 hPa. These reanalyses are used
to study long-term trends in the stratosphere as presented by, e.g., Jacobi et al.
(2009).
The European Center for Medium-Range Weather Forecasts (ECMWF) is a further
provider for reanalyses. However, in this thesis only data from MetO is exclusively
used, because of their higher vertical coverage up to the lower mesosphere (∼60
km).
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2.2 Ionospheric TEC-maps
Since February 1995, ionospheric data of the vertically integrated ionospheric elec-
tron density, identified as the total electron content (TEC), is operationally moni-
tored over the European sector by DLR Neustrelitz (http://www.kn.nz.dlr.de/).
This TEC is derived from signals of the global navigation satellite systems (GNSS)
of GPS and GLONASS (Jakowski et al., 1996). Since 2002, extended maps cov-
ering the northern hemisphere from 50°N to the North Pole cap (∆λ = 7.5°, ∆ϕ =
2.5°) with a resolution of 1 hour are available (Jakowski et al., 2002), which are
predominantly used for investigating the effects of large-scale weather phenom-
ena (e.g. geomagnetic storms or ionospheric disturbances).
From dual frequency navigation code and carrier phase measurements on the L-
band frequencies
f1 = 1575.42 MHz (λ1 ≈ 190 mm)
f2 = 1227.60 MHz (λ2 ≈ 244 mm)
(1)
the TEC value along the paths between the ground stations of the IGS network
and the GPS satellite is retrieved. After calibration, the slant TEC data is converted
into the vertical electron density and assimilated into an empirical TEC model via
a weighting process (Jakowski et al., 1996). The accuracy of the derived TEC
values is of the order of a few TECU (1016 electrons/m2), which is completely suf-
ficient for the investigation of planetary wave phenomena (such as PWTO) in the
ionosphere.
In Fig. 3 (left panel) a northern hemispheric TEC-map at 12 UT is shown in com-
parison to a stratospheric temperature field (right panel) covering the same region
for the date 2004-10-31. Both distributions are caused by different processes.
While the production of free electrons follow the course of the sun, a maximum
(∼190 TECU) is observed around 30°E at 12 UT, in contrast to the minimum (∼40
TECU) at the same time in the night sector near 240°E. Between the two sectors a
strong gradient is obvious. The situation in the stratosphere indicates a strong PW
activity, which is forced in the troposphere. Especially, during winter a so-called
meteorological influence on the total variability of the ionosphere (e.g. Forbes,
1996) is expected. Thus, a suitable normalization of the TEC data has to be done
to remove most of the regular variations of the ionosphere triggered by the sun.
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Figure 3: Example of a northern hemispheric TEC-map (left panel), which covers the
polar cap up to 50°N in comparison to stratospheric temperature at 1 hPa (left panel)
where the same boundaries for the 2004-10-31 were considered.
2.3 Global indices of solar- and geomagnetic activity
The forcing of the ionosphere by variations of the solar and geomagnetic activity
is declared as external and main sources of oscillations in the ionised component
of the upper atmosphere and is approximated by planetary proxies, which can
be downloaded from ftp://ftp.ngd.noaa.gov/STP/. Daily averaged values of
F10.7 and Ap are used to detect regular variations (11-years and 27-days) in solar
activity and periodical oscillations with periods of several days.
• Variation of solar activity:
In contrast to the intensity of the visual, near-infrared and near-ultraviolet
solar radiation bands show only small variations, the observed variability in
the extreme ultraviolet (10-100 nm) and X-ray radiation is stronger, espe-
cially in the course of the 11-year solar cycle.
In order to describe the state of the solar activity quantitatively, the sunspot
number (R) and the solar radio flux at 10.7 cm (F10.7) measured in solar flux
units (10−22 Wm−2Hz−1) are generally treated as a proxy of EUV solar radi-
ation. Due to the uneven concentration of emission regions or solar flairs, a
quasi-periodical change of 27-days is registered, which represents the rota-
tion of the sun is registered. Are there two emission regions with an angular
distance of about 180°, a subharmonical oscillation of about 13.5-days in the
solar activity is found.
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• Variation in geomagnetic activity:
The most common used index to characterise the state of the magnetic field is
known as Kp, which is averaged over 3 hours based on several observations
at high- and midlatitudes. Thereby, the conditions are considered as very
quiet (Kp = 0) and very disturbed (Kp = 9) in a quasi-logarithmic scale. A
daily mean, which is converted to a linear scale is known as the Ap-index
(Menvielle and Berthelier, 1991) and ranges from 0 to 400 in units of nT .
The magnetic activity at polar regions is represented by the auroral electrojet
(AE) with a high temporal resolution. Especially, magnetic storms triggered
by bursts of solar plasma are described by the so-called Dst-index. This proxy
measures the grade of disturbances in the horizontal magnetic field.
The estimation of the ionospheric response to changes in solar activity by applying
the solar flux index (F10.7) is limited. Thus, a new index (EUV-TEC) has been
derived by Unglaub et al. (2010) via calculating ionisation rates with the help of
solar EUV measurements (SEE) on-board the TIMED satellite and information of
the background atmosphere from MSIS. The comparison between global GPS-TEC
and new EUV-TEC provides a better representation than the conventional solar
indices. This proxy is not used here.
2.4 SABER instrument on TIMED satellite
A global coverage of meteorological information about the troposphere- strato-
sphere up to approximately 50 km is operationally provided by reanalyses (e.g.
MetO, NCEP/NCAR or ECMWF). Since 2002, hemispheric TEC-maps derived from
GPS signals monitor the state and variability of the ionosphere around 300 km. In
order to close the gap between stratospheric and the TEC data values, satellite re-
mote sensing techniques are a useful tool. These measurements permit to extend
the existing global picture to the entire middle atmosphere.
The TIMED satellite (http://www.timed.jhuapl.edu/WWW/index.php), which was
launched on 7 December 2001 and reached an altitude of 625 km at an Earth orbit
with an inclination of 74.1°. Several instruments on board allow to investigate the
dynamics of the mesosphere, thermosphere and ionosphere. Next to the Sounding
of the Atmosphere using Broadband Emission Radiometer (SABER) other instru-
ments, such as SEE (e.g. Woods et al., 2005) and TIDI (e.g. Oberheide et al., 2006,
2007) are in operation since January 2002. The Solar EUV Experiment (SEE) pho-
tometer measures the full-disk solar irradiance from 0.1 to 200 nm. The TImed
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Doppler Interferometer (TIDI) provides horizontal vector winds from the Earth’s
limb.
SABER measures the atmospheric limb by the step-scanning (Mlynczak, 1997).
It allows to retrieve height profiles of temperature and selected chemical species
from 10-180 km altitude with a horizontal resolution along a track of about 400
km. The multi-spectral radiometer operates in the near to mid-infrared spectral
range from 1.27 to 17 µm wavelength (7865 to 650 cm−1 wavenumber). It mea-
sures CO2 infrared limb radiance between approximately 20-120 km altitude and
retrieves kinetic temperature profiles for this altitude range via a full non-LTE in-
version scheme (Mertens, 2001, 2004). The used SABER L2A data (version 1.07)
were downloaded from the web site: http: // saber. gats-in. om .
Figure 4: Mollweide projection of the tangent points for each satellite orbit on 2005-
01-01 (right panel): day-time (open circles) and night-time (solid circles) measure-
ments. The geometry of the tangent point at 50.4°N and 9.2 hours UT is reconstructed
using the geolocation data, which are included in the L2 netCDF file: (spacecraft: big
circle, tangent point: small circle, arrow: solar ray path).
One level 2A data file contains information about the geolocation for one orbit
and are listed in Tab. 3. Retrieval products are presented in Tab. 4. The altitude
dimension consists of 400 elements to cover the maximum altitude range, but not
all 400 elements contain values. The event dimension is defined by the number of
scans. The geolocation data provide information about the geometric parameter
between the sun-earth-satellite system declared in geographic coordinates (sclon-
gitude, sclatitude, scaltitude). The tangent point coordinates for the limb sounding
observation are indicated with the prefix “tp”. A reconstructed picture for one
point in time is shown in Fig. 4 (right panel). The solar zenith angle at the tan-
gent point (tpSolarZen) indicates the angle between the source of solar radiation
and the observation point. The variable tpAD is used for separating orbits into
ascending (tpAD=0) and descending (tpAD=1) nodes.
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Variable(dimensions) units Long name
Event(event) event number for current file
date(event) yyyyddd date [yyyyddd]
time msec time since midnight
earth_sun(event) km earth-sun distance
tpDN(event) 0=day 1=night
tpAD(event) 0=ascending 1=descending
tpSolarZen(event) degree tangent-point solar-zenith angle
tplatitude(event,altitude) degree tangent-point latitude
tpaltitude(event, altitude) km tangent-point altitude
tplongitude(event, altitude) degree tangent-point longitude
tpSolarLT msec tangent-point local solar time
sclatitude(event,altitude) degree spacecraft latitude
scaltitude(event, altitude) km spacecraft altitude
sclongitude(event, altitude) degree spacecraft longitude
Table 3: Geolocation data from the SABER measurements. The statements in brackets
give the dimension of the data array.
The daily projection of satellite orbits separated into ascending (asc) and descend-
ing (dsc) nodes is presented in Fig. 4 (left panel). Ascending (open circles) nodes
are the instrument footprints when the satellite moves from south to north and
descending (filled circles) nodes are footprints for north-south movements. All
data of one circle (∼90 minutes) are available in one file, which includes about
98 events of 400 altitude elements that depend temporally on universal time (tUT)
and solar local time (tLT) as well as spatially on longitude (λ) and latitude (ϕ).
All together, 15 orbits cover the globe with a longitudinal resolution of about 25°
for both ascending and descending samples. The daily variation of a given or-
bit node and latitude band is about 12 minutes and the difference between the
maximum asc/dsc tLT at the equator amounts to 9 hours. The latitude coverage
on a given day (e.g. 2003-01-01) extends from about 53°N to 83°S (see Fig. 5).
Once every 60 days the viewing geometry alternates due to 180° yaw maneuvers
of the TIMED satellite. Consequently, the latitude coverage on the date 2003-03-
03 amounts to about 83°N to 53°S. On the 2003-03-02 a full coverage from 83°N
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to 83°S is available.
Variable(dimensions) units Long name
ktemp(event, altitude) K kinetic temperature (merge)
density(event, altitude) 1/cm3 atmospheric density
pressure(event, altitude) mbar pressure (merge)
tpgpaltitude(event, altitude) km tangent-point geopot. altitude
O3_96(event, altitude) mixing ratio O3 mixing ratio 9.6µm (merge)
H2O(event, altitude) mixing ratio H2O mixing ratio (merge)
CO2(event, altitude) mixing ratio CO2 mixing ratio
Table 4: Geolocation data from the SABER measurements. The statements in brackets
give the dimension of the data array.
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Figure 5: Scatter plot of SABER temperature near 100 km covering the solar local
time (SLT) with latitude (left panel) and longitude with latitude on date 2003-01-01
(right panel).
The level 2A products of essential meteorological parameters (e.g. T , ρ, p) and
concentrations of atmospheric species (e.g. CO2, O3, H2O) retrieved from SABER
instrument are listed in Tab. 4. These are the radiatively most active chemi-
cal components in the middle atmosphere and are important in the energetics of
the non-LTE environment, in which molecular diffusion processes become more
important. In this study on global and small scale wave phenomena in the MLT-
region, the unevenly distributed temperature data are used to derive informa-
tion about the dynamics in extension to reanalyses up to the lower thermosphere
2 DATA BASIS 24
(∼130 km).
A global distribution of vertical profiles, which are indicated by small circles, is
shown in Fig. 5. The color corresponds to the temperature at 100 km. On the one
hand, the coverage with respect to longitude (right panel) represents the tempera-
ture distribution on 2003-01-01. On the other hand, the distribution with respect
to solar local time (SLT) indicates the coverage that is important for tidal anal-
ysis from polar orbiting satellite data (e.g. Zhang et al., 2006). Only an almost
complete coverage results in reasonable tidal parameters. In principle, during the
course of a day the SLT only depends on latitude. After one day, the orbit node
is slightly processing with respect to the SLT. Detailed information, how the data
are arranged to a regular 3-dimensional grid and spectral analysing global scale
waves from unevenly spaced satellite measurements, is given in Section 3.4 of this
thesis.
2.5 The middle and upper atmosphere model
In this Section a short introduction to the general circulation model for the middle
and upper atmosphere (MUAM) is given. The MUAM model is used for various
runs in different seasons to present the basic climatology of the monthly mean
zonal wind and temperature as well as large scale disturbances such as PW and
tides in comparison to reanalyses (MetO) and satellite measurements (SABER). To
keep the simulation more realistic, several PW, listed in Tab. 5, were externally
forced.
The MUAM model, introduced in Pogoreltsev et al. (2007), was developed on the
basis of the Cologne Model of the Middle Atmosphere-Leipzig Institute for Mete-
orology (COMMA-LIM), which was already applied in previous studies, e.g., by
Fröhlich et al. (2003); Jacobi et al. (2006). It is a so-called mechanistic three-
dimensional model, in which the tropospheric circulation is self-consistently gen-
erated by including monthly zonal means of the geopotential height and tempera-
ture fields, that cover the troposphere and lower stratosphere up to 10 hPa, as well
as the monthly averaged amplitude and phase of the first three zonal harmonics
at 1000 hPa as lower boundary taken from reanalysis data (e.g. NCEP/NCAR). For
a climatological study the initial data is typically averaged over 10 years (1992-
2002). Radiative heating and cooling are generally simplified by assuming New-
tonian cooling, while the non-zonal heating in the troposphere caused by H2O and
CO2 are explicitly calculated. This is important for the tidal forcing. The effect of
GW on the circulation in the model is parametrised by a scheme based on Lindzen
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(1981). The breaking of GW occurs, if the static stability vanishes, which corre-
sponds to ∂θ/∂ z = 0, and causes turbulence, mixing and GW dissipation in the
upper mesosphere.
Several studies of planetary waves propagation in the middle atmosphere using
COMMA-LIM are presented in, e.g., Fröhlich et al. (2003, 2005); Jacobi et al.
(2006). The 60-level version of MUAM allows to include the dynamics of the
neutral upper atmosphere (thermosphere) by shifting the upper boundary to a
height of about 300 km and incorporating a new scheme for EUV heating. The
previous 48-level version did only consider the middle atmosphere up to about
135 km similar to the old COMMA-LIM. The horizontal resolution in latitude and
longitude with 5°×5.625° was maintained and the vertical levels are given by the
non-dimensional height x =−ln(p/1000 hPa). The log-pressure height is obtained
by multiplying x the non-dimensional height with the scale height (H = 7 km).
However, the application of this model, by studying the coupling between the
stratosphere and the thermosphere/ionosphere by the modulation of GW through
PW, is limited. On the one hand, the model includes only the neutral upper at-
mosphere, which can be compensated by running a pure physical model of the
ionosphere with neutral winds from MUAM. On the other hand, the parametrisa-
tion of GW is not appropriate to describe such a complex mechanism.
In Appendix 8 a MUAM run for January condition is shown. Typical PW have been
forced (see Fig. 5) to present the climatology of the background wind, tempera-
ture and waves in comparison to observational data in Chapter 4.
Besides MUAM (Pogoreltsev et al., 2007) there are other mechanistic models such
as the Leibniz-Institute Middle Atmosphere model (LIMA) (Berger, 2008) and the
Kühlungsborn Mechanistic general Circulation Model (KMCM) (Becker, 2009).
The latter allows to resolve gravity waves with a horizontal wavelength longer
than 500 km.
Wave Type Period Wavenumber Propagation
ultra-fast Kelvin-wave 90 h k=1 eastward
5-day-wave -156 h k=1 westward
10-day-wave -220 h k=1 westward
16-day-wave -360 h k=1 westward
Table 5: Properties of forced planetary Kelvin- (eastward moving) and Rossby-waves
(westward moving) in the circulation model of the middle and upper atmosphere
(MUAM).
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3 Methods for analysis of PW and GW
So far, an overview about different datasets has been presented. In the course of
this Chapter an introduction to the different methods is given on how to extract
information of atmospheric waves from the data. In the first two Sections we
distinguish between a non-spectral (3.1) and a spectral (3.2) method to analyse
planetary waves with respect to space and time at a fixed latitude circle and time
interval. However, these methods can only be applied to regularly gridded (even
spaced) reanalyses. For example, by applying 3-dimensional temperature data
from MetO over two months, the non-spectral method provides a distribution of
stationary and traveling wave proxies. On the other hand, many spectral classifi-
cations are obtained by the second method. The choice of the method depends on
what is intended to analyse. In order to demonstrate a possible transfer path of
PW from the stratosphere to the ionosphere based on different datasets, it is tried
to choose the most straight forward way by making us of the wave proxies. The
coexisting wave activity at different heights is much more easy to detect. How-
ever, the spectral method allows to compute additional information and needs to
be considered comparing the climatology in the stratosphere and ionosphere.
Before these procedures are used for the analysis of ionospheric TEC to obtain
PWTO, the data must be normalized (3.3) to exclude the strong effect of the so-
lar cycle by calculating a differential TEC (dTEC). In the last subsection (3.4) it
is shown, how GW information in form of the potential energy is extracted from
temperature profiles derived from satellite observations. Finally, hundreds of such
unevenly spaced and globally distributed temperature and potential energy val-
ues are arranged to a daily regular 3-dimensional grid. The new data structure
is regarded as an extended reanalysis and is used to gain wave information up to
the lower thermosphere (∼130 km) by applying the already introduced spectral
or non-spectral methods.
3.1 Proxies of planetary waves
The space-time spectral analysis of PW or PWTO at one latitude circle results in a
large number of wave components, which are difficult to interpret. Thus, proxies
of PW are introduced by combining mean (m) and standard deviation (σ) in the
longitude-time (λ , t) domain of an arbitrary parameter to analyse the problem of
vertical coupling of PW by the GW modulation. A more general picture of such
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mechanisms is obtained as discussed in the following. We differentiate between a
proxy for stationary waves,
σλ (mt {A}) =
√√√√ 1
nλ −1 ∑λ
({
1
nt ∑t A(t,λ )
}
−
{
1
nt ∑t A(t,λ )
})2
(2)
where A is the parameter to be investigated, such as (T1hPa, Tdsc, Ep, dT EC), and
a proxy for traveling waves is defined as the difference between a proxy including
all propagating components,
mλ (σt {A−mλ (A)}) =
1
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and the variation of the zonal mean,
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Both stationary and traveling waves are prominent features of the middle atmo-
sphere dynamics. Temporally resolved characteristics of these wave signals are
obtained, which allows to calculate proxies in a 48-days running window shifted
by one day. The integer (nλ , nt = 48 d) denotes the length of the sample in longi-
tude and time, respectively. Before calculating the proxies in the time domain, a
3rd order polynomial is removed from the data to ensure detrending. This step is
necessary to interpret such an index as a proxy of PW activity. A global picture of
the wave activity is interfered by running this method for each latitude and height.
3.2 Space-time spectral analysis
A more complex method is based on the spectral analysis of PW/PWTO from
global atmospheric datasets in space- and time. The principle of the cross-spectral
technique was first presented by Hayashi (1971, 1972) resolving transient dis-
turbances into progressive (−ω) and retrogressive (+ω) wave components. If
both components are comparable, they are regarded as standing waves (coher-
ent). Later, Hayashi (1982) applied the space-time transform to atmospheric
waves, where positive frequencies (+ω) correspond to westward moving waves
and negative frequencies (−ω) represent waves with an eastward phase velocity.
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Space-time spectra can be estimated by different principles, e.g., the lag correla-
tion method, direct Fourier transform method or the maximum entropy method
depending on the length of the time record. By the use of the modified space-
Fourier transform these spectra can be derived correctly from polar-orbiting satel-
lite data (Hayashi, 1980), which are sampled globally at different times of day.
The decomposition of the evenly spaced atmospheric data into zonal- and tempo-
ral harmonics at one single latitude circle and height results in wave characteris-
tics with respect to their zonal wavenumber (k) and frequency (±ω). The data (x)
is fitted by a superposition of Fourier basis functions (A) using the least-squares
method (Eq. 5) and one obtains the coefficients (b) for each component. This
technique minimises the residual,
r ≡| A ·x−b | (5)
between model and data (Lomb, 1976).
Such a problem can be solved by calculating the inverse of the matrix A using
the singular value decomposition (SVD), which is a standard tool in most of the
numerical libraries. Any matrix AM×N can be written as a product of an orthogonal
matrix UM×N , a diagonal matrix WN×N and the transpose of another orthogonal
matrix VN×N . From the reciprocals of the elements w j it follows that
A−1 = U·[diag(1/w j)] ·VT. (6)
Some modifications of this principle were introduced by Pogoreltsev et al. (2002)
and Pancheva et al. (2009a), who have used the idea of Hayashi (1971) in differ-
ent ways. Pancheva et al. (2009a) arranged all longitude and time information
in one column to fit the data in one step, Pogoreltsev et al. (2002) estimated the
wave components in two steps. Both methods are discussed in the following in
separate paragraphs and a comparison of the results is given. However, before we
continue, some explanations about all wave components are given, which can be
extracted from the data as shown in Tab. 6.
Within a time window of 48 days shifted by one day, a temporally resolved picture
of the following wave components is obtained by Eq. 8 and explained in Tab. 6.
Information about the mean state of the atmosphere (Am) and possible linear and
higher order trends are characterised by the coefficients At and Ap, respectively.
These are not treated as wave components, but are regarded as a slowly varying
background.
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The remaining components can be interpreted as waves described by amplitude
and phase (A, ϕ). Waves with a zonal wavenumber (k > 0), amplitude (As) and
phase (ϕs) that are constant with time are identified as stationary waves. Oscilla-
tions of the zonal mean (zonal symmetric) are called vacillations and denoted as
Av and ϕv. The extracted periods Tn = 2pi/ωn of the first 16 harmonics are listed in
Tab. 7 based on the 48-day window.
Wave Component Symbol Wavenumber Period Attribute
Background state Am k = 0 T = 0 mean in longitude and time
Trend At — — slowly changing background
Polynomials Ap — — slowly changing background
Vacillation Av, ϕv k = 0 T > 0 oscillations of the zonal mean
Stationary As, ϕv k > 0 T = 0 amplitude and phase are constant
westward Aw, ϕw k > 0 T > 0 wave moves westward (+ω)
eastward Ae, ϕe k < 0 T > 0 wave moves eastward (−ω)
standing A′s k > 0 T > 0 wave moves in both directions
pure westward & eastward A′w, A
′
e k > 0 T > 0
Table 6: Overview about all extracted wave components.
Considering the propagation directions of waves along one latitude circle, one can
distinguish between westward, eastward and standing waves. Westward propa-
gating waves are determined by their amplitude (Aw) and phase (ϕw) for each
wavenumber k and frequency ω. These waves move with a phase speed (cw =
ω/k > 0). Analogous, eastward traveling waves propagate with ce < 0. Conse-
quently, the data X can be considered as a superposition or a sum of all wave
components and the residual R:
X ≈ Am +At +Ap +Av +As +Aw +Ae +R. (7)
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X(t,λ ) = Am +At · t +Ap · t2
+
16
∑
n=1
Av · cos(ωnt +ϕv)
+
3
∑
k=1
As · cos(kλ +ϕs)
+
16
∑
n=1
3
∑
k=0
Aw · cos(kλ +ωnt +ϕw)
+
16
∑
n=1
3
∑
k=0
Ae · cos(kλ −ωnt +ϕe)
+R(t,λ )
(8)
From this method wave components are revealed, which travel in both directions
at the same time. Thus, one can distinguish between pure traveling waves (A′w,
A′e) and quasi standing waves (A
′
s) according to (Pogoreltsev et al., 2007):
Aw > Ae : A′w = Aw−Ae; A
′
s = 2 ·Ae
Aw < Ae : A′e = Ae−Aw; A
′
s = 2 ·Aw
(9)
Period T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 T14 T15 T16
days 48.0 24.0 16.0 12.0 9.6 8.0 ∼6.8 6.0 ∼5.3 4.8 ∼4.4 4.0 ∼3.7 ∼3.4 3.2 3.0
Table 7: List of wave periods obtained from a 48-day window.
3.2.1 One-step method
A detailed explanation of the space-time spectral method can be found in Pancheva
et al. (2009a). These authors analysed PW from evenly spaced reanalysis data and
unevenly spaced satellite data. One example of such a system of equations is (Eq.
5), which has to be solved by the least-squares method (LS) decomposing travel-
ing wave components for one wavenumber (k) and frequency (ω) as well as the
stationary component and vacillation (Eq. 10).
The vector xnt·nλ contains all observations in the longitude-time (λ × t) space,
which is then fitted to the matrix Ant·nλ×nc including the harmonics of all interest-
ing wave components. Vector bnc contains the coefficients of the fitted model A to
the data x using the LS-method. For evenly spaced data ti and λ j are both equidis-
tant and independent from each other, in contrast to the satellite data, where ti j
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and λi j are functions of time and longitude. Applying the one-step method is more
convenient to extract waves from uneven satellite data.


x11
x12
...
x1nλ
x21
x22
...
x2nλ
...
xnt1
xnt2
...
xntnλ


=


1 . . . 1 . . . 1
t1 . . . t1 . . . tn
t21 . . . t
2
1 . . . t
2
n
sin(0λ1 + ω · t1) · · · sin(0λm + ω · t1) . . . sin(0λm + ω · tn)
cos(0λ1 + ω · t1) . . . cos(0λm + ω · t1) . . . cos(0λm + ω · tn)
sin(kλ1 + 0 · t1) · · · sin(kλm + 0 · t1) . . . sin(kλm + 0 · tn)
cos(kλ1 + 0 · t1) . . . cos(kλm + 0 · t1) . . . cos(kλm + 0 · tn)
sin(kλ1 + ω · t1) · · · sin(kλm + ω · t1) . . . sin(kλm + ω · tn)
cos(kλ + ω · t1) . . . cos(kλm + ω · t1) . . . cos(kλm + ω · tn)
sin(kλ1−ω · t1) · · · sin(kλm−ω · t1) . . . sin(kλm−ω · tn)
cos(kλ −ω · t1) . . . cos(kλm−ω · t1) . . . cos(kλm−ω · tn)


·


am
at
ap
sv
cv
ss
cs
sw
cw
se
ce


(10)
As reported by, e.g., Pancheva et al. (2009a,b); Mukhtarov et al. (2010) this spec-
tral method has been successfully applied to SABER data and resulted in a consis-
tent global picture of stationary and traveling wave components up to about 100
km. These information are suitable to study vertical coupling processes between
the different atmospheric layers.
3.2.2 Two-step method
The method developed by Pogoreltsev et al. (2002) and Fedulina et al. (2004)
analyses the discrete atmospheric information in two steps via LS. The data w(λ , t)
that cover the longitude-time domain are decomposed into their zonal harmonics
for wavenumbers k=0,1,2,3 and the coefficients are estimated for each time seg-
ment. A schematic overview of this procedure is shown in Fig. 7. The real (Ck)
and imaginary (Sk) parts represent the longitudinal state of the wave at λ = 0° and
λ = 90°/k:
w(λ , t) = k0(t)+∑
k
Ck(t) · cos(kλ )+Sk(t) · sin(kλ ). (11)
The Fourier transform of these two time series again results in two coefficients,
whereas the real (Cc, Cs) and imaginary (Sc, Ss) parts describe the state of the
wave at time t = 0 and t = T/4:
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Ck(t) = Cstat(k)+∑
ω
Cc(k,ω) · cos(ωt)+Sc(k,ω) · sin(ωt) (12)
Sk(t) = Sstat(k)+∑
ω
Cs(k,ω) · cos(ωt)+Ss(k,ω) · sin(ωt). (13)
T is equal to the wave period and T/4 corresponds to the phase shift between
the sine- and cosine function. Possible trends in time series are estimated by a
polynomial of order lower than three and a Hanning window is used to reduce the
signal noise caused by the limited time increment. The amplitude of stationary
components is calculated from the window mean of the two time series (Cstat ,
Sstat).
Figure 6: Scheme, how to separate the PW propagation direction into an east- and
westward traveling part. The 4 coefficients represent the state of the wave at 2 loca-
tions and at 2 dates.
The harmonical decomposition of atmospheric data, that cover the longitude-time
domain into a zonal wavenumber (k) and frequency (ω) result in four coefficients
(Cc, Sc, Cs, Ss), which represent the state of a wave at 2 longitudes (λ0 = 0°, λ1 =
90°/k) and 2 dates (t0 = 0, t1 = T/4), see Fig. 6. If the cosine wave (Cc) starts at t0
and propagates eastward with a period of T/4, the phase of this wave corresponds
to the sine wave (Ss) at t1. The cosine part of the eastward component (Ce) is
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calculated by averaging both coefficients (Eq. 14). In the case of the westward
propagating part (Cw), the negative coefficient (−Ss) is taken into account. The
same procedure is applied for the sine wave:
Cw = 0.5 · (Cc−Ss)
Sw = 0.5 · (Sc +Cs)
Ce = 0.5 · (Cc +Ss)
Se = 0.5 · (Cs−Sc)
(14)
Figure 7: Scheme of the two-step method for the spectral analysis of PW in space and
time. More explanations are given in the text.
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3.2.3 Comparison of the two methods
In this paragraph a comparison of the two spectral space-time methods is per-
formed by analysing an analytically constructed wave field,
X(t,λ )= As ·cos(ksλ +ϕs)+Aw ·cos(kwλ + 2piTw t +ϕw)+Ae ·cos(keλ +
2pi
Te
t +ϕe), (15)
which includes stationary, westward and eastward traveling waves of the same
zonal wavenumber 1. All other wave parameters are listed in Tab. 8. Regarding
Fig. 8 it turns out that the location and amplitude of the two spectral peaks at a
period of 8-days for both westward (left panel) and eastward (right panel) travel-
ing waves are identical. However, only 70 % of the SPW1 amplitude is received by
the two-step method and red noise occurs for wave periods greater than 10 days
(dotted lines). It is unclear why the two-step method shows such a behaviour by
applying to analytical wave function.
Period (T) Wavenumber (k) Amplitude (A) Phase (ϕ)
stationary (s) — 1 10 0°
westward (w) 8d 1 5 0°
eastward (e) 8d 1 3 0°
Table 8: Wave parameter of the analytical wave field.
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Figure 8: Comparison of the spectra for the westward (left panel) and eastward (right
panel) waves of k=1 obtained by the one-step method (black lines) and the two-step
method (grey lines).
Analysing a realistic zonal wind field taken from MetO at 52.5°N and 1hPa during
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the dates 2002-02-20 and 2002-04-10 (48 days), spectra of the two traveling com-
ponents are shown in Fig. 9. In principle, the two methods reproduce the spec-
tral peaks similar for both the westward (left panel) and eastward (right panel)
propagating waves with zonal wavenumber 1, but the amplitudes obtained by the
two-step analysis (dotted lines) are systematically weaker in comparison to the
one-step method (solid lines).
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Figure 9: Comparison of the spectra for the westward (left panel) and eastward (right
panel) waves of k=1 obtained by the one-step method (black lines) and the two-step
method (grey lines).
Now, both results are considered in comparison to the proxies of several wave com-
ponents, introduced in Section 3.1. Figure 10 shows three panels for each method,
one-step (left), two-step (middle) and non-spectral (right) as well as three kinds
of wave proxies (stationary, vacillation and traveling). Such proxies of PW activity
were obtained from the spectral methods by the sum of all components for each
type. Because the non-spectral method is based on standard deviation, a factor√
2 ≈ 1.4 is used to estimate the amplitudes for a comparison.
For the realistic scenario, the three methods deliver comparable amplitudes for
stationary (As), vacillation (Av) and traveling (At) wave proxies. The sum of all
traveling components result in amplitudes for all methods between 25-20 m/s.
Such a proxy of traveling waves (Pt) can be considered as the sum of both trav-
eling components (Aw, Ae) computed from the spectral methods. The amplitudes
of the stationary waves and vacillations in the one-step method are similar (∼15
m/s), the other two results indicate vacillations (15-20 m/s) stronger than station-
ary waves (10-15 m/s). One can conclude that all three methods lead qualitatively
to a similar behaviour of the wave activity, and each of them has certain disadvan-
tages. However, for comparing wave activity at various heights and from different
datasets only one suitable method should be used for such a study.
3 METHODS FOR ANALYSIS OF PW AND GW 36
xx
xx
x
x
xx
As Av At
0
5
10
15
20
25
30
35
40
A
m
p
lit
u
d
e
one-step space-time analysis
xx
xx
x
x
As Av At
0
5
10
15
20
25
30
35
40
A
m
p
lit
u
d
e
two-step space-time analysis
x
x
x
x
x
x
xx
Ps Pv Pt
0
5
10
15
20
25
30
35
40
A
m
p
lit
u
d
e
waves proxies
Figure 10: Comparison of the two spectral methods for stationary, vacillations, trav-
eling components obtained by the one-step method (left panel), two-step method
(middle panel) and by calculating wave proxies (right panel).
While the one-step method can be used to evenly or unevenly spaced datasets,
the two-step algorithm is less time-consuming. For example, the one-step method
applied to analyse one parameter of MetO data over 7 years (2002-2007) consid-
ering all latitudes (72) and pressure levels (22), leads to a total computing time
of more than one week, even if the number of harmonics are reduced to the im-
portant ones. On the other hand, the two-step method performs the same analysis
in less than one day, because the dimension of the matrix that has to be inverted
is much smaller.
The one-step method (Pancheva et al., 2009a) is used in this thesis to analyse PW
and tides from unevenly distributed satellite measurements at the same time. The
results are presented in Chapter 4 and compared to model and reanalysis data.
The two-step method (Pogoreltsev et al., 2002) is applied in Section 6.3 to spec-
tral analysed long-term datasets of the stratosphere, mesosphere and ionosphere
with respect to climatological aspects of PW. Finally, the non-spectral method of
wave proxies give a simplified picture of common wave activity from the strato-
sphere to the ionosphere, as discussed in Section 6.2 and Chapter 7.
3.3 Normalisation of ionospheric TEC data
The ionospheric regular variability that is caused by the solar forcing of ionisation
processes is reduced by applying a running mean to the hourly TEC data,
T ECm (λ ) =
1
nh ·nd
nd
∑
d=1
nh
∑
h=1
T ECobs (λ ,d,h) . (16)
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Then, a differential TEC (dT EC) may be derived by a one-day shift for every grid
point along one latitude circle, that is,
dT ECm =
T ECobs−T ECm
T ECm
·100%. (17)
The length of the window is set to 48 days (nh = 24, nd = 48), which equals the
length when running the space-time Fourier transform to separate PW and PWTO.
This procedure ensures that the solar rotation (27d) and the diurnal cycle (24h)
are still included. However, for the results presented later these components are
not longer considered.
In the analysis of PWTO, derived from TEC data and presented in Borries et al.
(2007) a normalisation by the monthly median TEC with respect to daily values
at each longitude and local time to construct differential TEC (dT EC) maps. By
this method the diurnal cycle is clearly reduced and the semidiurnal component
becomes visible.
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Figure 11: Northern hemispheric maps of dT ECλ (left panel) and dT ECλ ,h (middle
panel) on date 2004-31-11 in comparison to stratospheric temperature at 1hPa (right
panel).
Fig. 11 illustrates typical examples of differential TEC (dT EC) maps covering the
northern hemisphere (NH). Since dT ECλ is normalised by the mean of hourly data
over one month on every grid point (left panel), the diurnal component is still
dominant. Otherwise, a normalisation named as dT ECλ ,h (middle panel) using
daily data over one month for every grid point and local time reveals a spatial
structure, which is different from the other one. Thus, for further analysis the
first normalisation (dT ECλ ) is most suitable to analyse PWTO in the ionosphere.
Because it is almost impossible to exclude all regular solar variations from TEC
data in one step, the simplest way was selected to reduce the solar cycle signals
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from the data. Other short- and long-period oscillations (e.g. diurnal component
and the solar rotation) are detected by the following space-time spectral analysis.
A fully covered access to hemispheric TEC-maps between 2002 to 2008 is reserved
to the DLR. Thus, data for only one latitude circle (52.5°N) is normalised and
later space-time spectrally analysed with respect to PWTO. Figure 12 depicts the
running window average (using median) time series of the solar- and geomagnetic
indices ( f10.7, Ap). The red and green lines indicate running window standard
deviation of the original TEC and dTEC data for all longitudes. Here, the TEC data
shows the same tendency with respect to the decreasing solar activity. However,
anomalies in the seasonal pattern of the ionospheric signals are visible. These are
stronger near the solar maximum (2002) and hardly to identify around the solar
minimum (2008). The normalisation is helpful to extract wave activity. Although
the solar cycle effect in ionospheric dTEC was reduced, one can see differences in
the seasonal characteristics before and after 2005. Furthermore, with regard to
the course of the geomagnetic activity it can be supposed that most of the winter
seasons, when significant signals of PW are expected, appear externally disturbed.
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Figure 12: Time series of the running median averaged solar activity (yellow line),
the geomagnetic activity (orange line) and the running standard deviation of TEC
(red lines) and dTEC (green lines) for all longitudes at 52.5°N between 2002-2008.
3.4 Potential energy of gravity waves
The SABER latitude coverage extends from about 52° on one hemisphere to 83°
on the other one. This latitude range is reversed, due to a 60 days yaw-cycle.
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The sun-synchronous orbit geometry of the spacecraft leads to an equator cross-
ing always at the same local time (12 LT) on the day side. Before performing
the observations of one day and adapting the orbital data to a regular 3D-grid,
all geolocation information, temperature profiles (T) and the geometric heights
were extracted from the L2A product files and separated into ascending (Tasc) and
descending (Tdsc) nodes (Oberheide et al., 2003). Thereby, the disturbing impacts
of the diurnal migrating tides are reduced.
In order to eliminate included GW information from each single profile (Fig. 13,
left panel) with a vertical resolution of ∆z = 0.5km between 30-130 km these were
decomposed into harmonics (sine and cosine functions with λz < 6 km) using the
least-squares fit, where a similar wavelength range is used as reported by Fröhlich
et al. (2007). A reconstruction with a vertical wavelength (λz > 6 km) allows to
retrieve a filtered temperature profile ¯T (z). As shown in Fig. 13 (middle panel),
the residual profile T ′(z) between the original T (z) and the filtered profile ¯T (z)
reveals the vertical structure of GW amplitudes and their specific potential energy
(Fig. 13, right panel):
Ep =
1
2
( g
N
)2(T ′
¯T
)2
(18)
whereas g and N represent the acceleration due to gravity and the Brunt-Väisälä
frequency. This method is also used in, e.g., Tsuda et al. (2000); Ratnam et al.
(2004); Fröhlich et al. (2007); Preusse et al. (2009) to extract GW energy in
the lower stratosphere from GPS radio occultation measurements. The spatio-
temporal variations of the total energy integrated over a sliding vertical column
(10 km) is used to study the modulation of GW. Note that those limb-scanning of
the atmosphere (e.g. SABER on TIMED) is sensitive to parts of the GW spectrum
due to the integration along the line of sight (Preusse et al., 2006). Information
about the horizontal wavelength vector, in particular perpendicular to the space-
craft orbit, are difficult to determine and only a certain part of the GW energy
is detectable, which depends on the horizontal resolution and viewing geometry
with respect to the wavenumber vector.
Because the spectrum of GW is insufficient to characterise by only one criterion
(e.g. λz, λh or cph) different filters of vertical wavelength were tested with respect
to their possible influence on the thermosphere variability. In Fig. 58 (A.5) a
bandpass filter of λz ≈ 6 . . .12 km was used and the potential energy is calculated
to study the modulation of GW.
A daily regular gridded picture for several parameters (Tasc, Tdsc, Ep) is obtained by
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median averaging all observations within a 3D-grid (∆λ = 10◦, ∆ϕ = 5◦, ∆z = 2km),
which covers the region from 45°S to 45°N between 30-130 km. Possible outliers
are getting less weight, which reduces the day-to-day variation of the retrieved
values and the data quality of the GW potential energy. A more technical descrip-
tion of this regularisation based on the programming language Python, is given
in Hoffmann et al. (2009). Due to the orbital geometry aliasing effects occur, es-
pecially for analysing tidal waves in the mesosphere/lower thermosphere (MLT)
region and short-period PW.
Figure 13: Example of an individual temperature profile for the 1st Jan 2003 at
333.4°E/10.9°N extracted from SABER L2A data (left, gray). The black curve is
obtained after filtering the vertical wavelength λz < 6km. The residuals of both curves
are given on the middle panel. The oversampled normalised squares of the residuals
averaged over a sliding height bin of 10km is plotted on the right panel.
The daily products at 45°N during the period between 2002-07-01 and 2008-07-31
are depicted in Fig. 14. The upper panel shows the daily zonal standard deviations
of the temperature data on the descending node,
σλ {Tdsc}=
√
1
nλ ∑λ (Tdsc−
¯Tdsc)2 (19)
as an approximation of PW activity, with nλ being the number of data points in the
zonal direction and λ is the longitude. Below 80 km, in the figure the well-known
seasonal cycle of PW activity is obvious with a maximum during winter. Above
80 km, the structures are somewhat questionable due to aliasing effects caused
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by tidal waves, which are subharmonics of the solar day composed into migrating
and non-migrating components. Those amplitudes increase with altitude and can
reach values of more than 10 K. The zonal mean mλ {Tdsc}= 1nλ ∑λ Tdsc illustrated
in Fig. 14 (middle panel) represents the background thermal structure of the
middle atmosphere and its seasonal pattern.
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Figure 14: Height-time cross sections of SABER data at 45°N. Daily zonal standard
deviations (σλ {Tdsc}, upper panel), daily zonal means (mλ {Tdsc}, middle panel) and
daily zonal standard deviations of the potential energy (σλ
{
Ep
}
, lower panel) are
shown.
Signals of SSW events at this latitude (45°N) are hardly detectable, in contrast to
Fig. 24 that presents MetO data at 60°N. The lower panel in Fig. 14 shows the
daily zonal standard deviation of the GW potential energy σλ
{
Ep
}
as an approxi-
mation of modulation effects.
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The daily values predominately maximise in accordance to the increase of poten-
tial energy with altitude, in the mesopause region near 90 km where GW become
unstable, break and deposit momentum to the background flow which results in a
wind reversal. For the vertical propagation of PW this region acts as a barrier. Only
fast Kelvin waves and some GW are able to penetrate into the lower thermosphere.
Below 80 km a seasonal cycle similar to those of PW appears. Thus, information
about the indirect vertical propagating PW can be retrieved by analysing the mod-
ulation of GW. The signals of GW separated from PW and tides, which have typical
greater vertical wavelengths, are weakly influenced by aliasing effects and provide
a clearer picture of the vertical coupling process.
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4 Background structure of the middle atmosphere
An overview about general processes and dynamics of the middle atmosphere (be-
low 130 km) are given in the textbook by Andrews et al. (1987). In comparison
to the upper atmosphere (above 130 km), where the molecular diffusion and ion-
isation plays a major role in dynamics, in the middle atmosphere the dominant
eddy transport processes are the driving force for the mixing of the constituents.
Based on the datasets introduced in Chapter 2 (MUAM, MetO, SABER), a clima-
tological picture of the mean wind and temperature distribution as well as global
scale waves (such as planetary waves and tides) and small scale structures (gravity
waves) is presented. Special middle atmosphere phenomena caused by the inter-
action between waves and prevailing winds (e.g. sudden stratospheric warming)
are explained, because it changes the stratospheric circulation at high and midlat-
itudes and influences the vertical propagation of waves. A possible impact to the
upper atmosphere dynamics is discussed.
4.1 Climatology
The background structure of the middle atmosphere, in form of the monthly
mean zonal winds and temperature, and a climatological cross section of plan-
etary waves (PW) and tides is presented next.
In Fig. 15 the mean zonal wind fields for January (left panel) and April (right
panel), representing winter and spring conditions in the lower and middle atmo-
sphere (0-130 km), are shown based on data from MUAM (color scaling) and
MetO reanalyses (black contours). The latter are available up to about 60 km.
The stratospheric circulation at seasonal time scales in the height-latitude plane
is characterised by a meridional transport from the cold tropical tropopause to
the winter pol where the stratospheric air reenter the troposphere by descend-
ing movements. This meridional-vertical circulation pattern is known as Brewer-
Dobson Circulation (Brewer, 1949; Dobson, 1956) and is responsible for the strato-
spheric distribution of ozone and water vapour. In the mesosphere, the meridional
circulation is caused by the differential heating of the two hemispheres (heat-
ing/cooling summer/winter pole) and the mean circulation is directed from the
summer to the winter hemisphere. On the summer hemisphere the Coriolis force
generates easterlies (negative) and on the winter hemisphere westerly winds (pos-
itive) according to the geostrophic wind relation. The maximum of these jets are
observed above the stratopause connected with a maximum of the meridional
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pressure gradient. In general the easterlies in the summer hemisphere (-100 m/s)
are stronger than the westerly winds (40 m/s) in the winter hemisphere. The
MetO data of January 2003 shows smaller values for the easterly jet (-60 m/s).
In the upper mesosphere the jets in both directions are decelerated, which leads
to a reversal of the prevailing wind regimes in the lower thermosphere due to the
GW breaking (Andrews et al., 1987). Near the mesopause region (80-100 km) a
meridional transport from the summer to the winter hemisphere (northward) of
about 10m/s closes the circulation of the middle atmosphere.
During spring transition, which is represented by the April situation, the general
circulation changes. In both hemispheres westerly winds dominate, stronger in
southern hemisphere (45 m/s) and weaker in northern hemisphere (15 m/s). The
structures in comparison to the MetO data for April 2003 are in good qualitative
agreement. In the troposphere a westerly wind is prevailing during all seasons.
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Figure 15: Cross section of middle atmosphere mean zonal wind for January (left
panel) and April (right panel) generated with MUAM (color scaling) and taken from
MetO reanalysis of 2003 (black contours). The meridional wind by MUAM is given
in white contours and positive values indicate a transport directed from the summer
to the winter hemisphere.
Figure 16 (left panel) depicts the thermal structure of the middle atmosphere
during January. Based on the reversals of the vertical temperature gradient the
common classification of the atmosphere into troposphere, stratosphere, meso-
sphere and thermosphere appear most reasonable. All datasets used, MUAM (color
scaling), MetO (black contours) and temperature data from SABER (green con-
tours), show the cold tropopause (∼200 K) near 16 km over the equator and the
warm summer stratopause at about 50 km. Thereby, the summer pole (∼290 K) is
warmer than the winter pole (∼260 K). This vertical distribution can be explained
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by infrared emission of water vapour and absorption of solar ultraviolet radiation
by ozone, respectively. Above, the temperature in the mesosphere derived from
model or satellite measurements decreases, which is primarily caused by the re-
duced ozone concentration (Andrews et al., 1987). The lowest temperature of the
atmosphere (∼120 K) is reached in the summer mesopause region near 95 km. In
the thermosphere the temperature increases again due to the absorption of solar
UV and EUV radiation by O2.
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Figure 16: Cross section of January mean background temperature distribution in the
middle atmosphere (left panel) and amplitude of SPW1 (right panel): MUAM (color
scaling), MetO (black contours) and SABER (green contours) of January 2003.
4.2 Atmospheric waves
Wave motions are the most important dynamical property of the atmosphere.
There are different kinds of waves, which are characterised by their restoring
mechanisms. In this thesis gravity waves (GW) forced by buoyancy on a typi-
cal horizontal scale of a few hundred kilometers and on time scales of few min-
utes to hours and global scale waves restored by the Coriolis effect are interest-
ing. These planetary waves (PW) are of small wavenumber and periods of several
days. Waves that predominantly propagate westward at midlatitudes are denoted
as Rossby waves. Without any external forces in the troposphere such waves are
declared as normal modes from linear theory (e.g. Salby, 1981a,b). Forced trav-
eling wave motions excited by the solar heating in the course of a solar day are
designated as atmospheric tides (Chapman and Lindzen, 1970).
Tropospherically forced planetary waves (Charney and Drazin, 1961) and grav-
ity waves (Fritts, 1984) transport energy and momentum vertically in the atmo-
sphere. Especially, small-scale inertio-gravity waves, excited in the troposphere by,
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e.g., lee waves, convections or shear zones, propagate upward in the mesosphere
where their breaking and dissipation are responsible for a reversal of the mean
flow in the mesosphere-lower thermosphere (MLT) region.
However, before the different kinds of waves are characterised in the following
Sections, a view on the strongest component in the middle atmosphere shall clarify
the relation between the mean zonal flow and the vertical propagation of waves.
In Fig. 16 (right panel) a height-latitude cross section of the stationary planetary
wave (SPW) amplitude with zonal wavenumber (k=1) for January condition is
depicted. In almost the same manner a comparison between MUAM (color scal-
ing), MetO (black contours) and SABER (green contours) is carried out. During
winter, the stationary planetary wave (SPW1) is the most prominent feature in the
middle atmosphere. Reanalyses and model experiments show amplitudes of 13 K
in the upper stratosphere. During westerly winds the wave can propagate into the
mesosphere. The amplitude of SPW1 at 45°N derived from SABER is somewhat
smaller than the one obtained from MetO reanalyses.
Atmospheric waves are generally determined by a zonal wavenumber k and fre-
quency ω based on linear theory. The magnitude of a wave is defined by the
amplitude and the phase information, which describe the position of the wave
maximum. If the phase speed c = ω/k is negative, the wave travels eastward,
otherwise westward. On the winter hemisphere, where the zonal mean flow is
westerly, stationary waves whose amplitude and phase can be considered as con-
stant during 30 or 60 days are able to propagate upward from the troposphere
into the mesosphere. Such wave types are mainly forced by the land-sea contrast
in the troposphere.
4.2.1 Tides
Atmospheric tides, which were firstly described theoretically e.g. Chapman and
Lindzen (1970), are eigenfunctions of the Laplace-tidal equation and can be re-
garded as linear disturbances in a resting atmosphere. Such free oscillations in the
temperature and wind field on planetary-scales with periods of 24-, 12-hours are
forced by the main absorber in the atmosphere of ultraviolet solar radiation (wa-
ter vapour and ozone). Although these waves are not directly considered in this
study of vertical coupling between stratosphere and ionosphere by PW, they play
an important role in the dynamics of the upper mesosphere and reach amplitudes
of more than 10 K for the diurnal migrating component.
Typical height-latitude conditions of the atmospheric tides for January are pre-
sented in Fig. 17, as generated by MUAM. The diurnal migrating component (left
4 BACKGROUND STRUCTURE OF THE MIDDLE ATMOSPHERE 47
panel) which moves westward with the sun, has a period of 24 hours and a zonal
wavenumber of k=1. The strongest amplitude can be found between 30°S and
30°N from about 60 to 110 km. The semi-diurnal migrating tide (right panel) of
zonal wavenumber k=2 shows its maximum at higher altitudes of about 120 km
shifted to to low-latitudes and is the most prominent feature in the lower thermo-
sphere. Global climatological pictures of other tidal components in several param-
eters and different months can be found on the website http://www.hao.uar.
edu/modeling/gswm/gswm.html, based on a Global Scale Wave Model (GSWM) of
planetary waves and solar tides in the Earth’s atmosphere as reported by Hagan
and Forbes (2003).
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Figure 17: Height-latitude cross section of the diurnal (left panel) and semi-diurnal
(right panel) migrating tidal amplitudes in temperature analysed from MUAM (green
scaling) and SABER (contour lines).
Information about atmospheric tides restricted to one local station between 70-
110 km are available from radar wind measurements. New analysis methods
presented by, e.g., Zhang et al. (2006); Pancheva et al. (2009a) allow to ex-
tract global characteristics of atmospheric tides from satellite measurements (e.g.
SABER/TIMED). Figure 17 shows the cross section of the diurnal migrating (left
panel) and semi-diurnal migrating (right panel) amplitudes derived from unevenly
spaced satellite data from 45°S to 45°N and from 30-130 km (black contours)
for Jan-Feb 2003. By space-time analysis of the temperature data, applying the
one-step method introduced in Section 3.2, the height-latitude dependency looks
similar to the one modeled with MUAM (color scaling). The slightly vertically
shifted structures are caused by taking into account geometric height for SABER
and log-pressure height for MUAM data.
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4.2.2 Rossby waves
Planetary waves (PW) resulting from the latitudinal variation of the Coriolis pa-
rameter are called Rossby waves. These are usually observed at midlatitudes dur-
ing winter where the zonal mean flow is westerly. The dispersion relation (Eq.
20), which is deduced from the quasi-geostrophic theory on the beta-plane, derive
a relation between the frequency (ωR) as a function of the zonal wavenumber (k),
β = 2 ·Ω ·a−1cos(ϕ) and the mean flow (U) in zonal direction, that is,
ωR ≈Uk− βk . (20)
Most Rossby waves that are observed in the lower middle atmosphere propagate
upward from the region where they are forced in the troposphere and show typ-
ical periods of several days. The periods of these waves were predicted by Salby
(1981a,b) of 5-, 10- and 16-days. From the relation for the vertical wavenumber
m given in Eq. 21 the condition for upward propagating planetary waves can be
derived in dependence on the background flow (U) and the total wavenumber (K)
(Charney and Drazin, 1961), for the special case m = 0:
m =±Nf
(β
U
−K2− f
2
4N2H2
)1/2
, (21)
where N = 2 · 10−2 s−1 (buoyancy frequency), H = 6.4 km (scale height), β = 2Ω ·
a · cos(50°) and f = 2Ω · sin(50°) (Coriolis parameter) with a = 6.4 · 106 m (earth’s
radius) and Ω = 7.3 ·10−5 s−1 (Earth’s rotation). These values are typical for strato-
sphere conditions at the midlatitudes. From Fig. 18 one can learn that long
waves are able to propagate upward for example in contrast to high wavenumbers
(K > 5). Such waves are already filtered by a moderate zonal wind (U > 20 m/s).
This property has a consequence in the seasonal pattern of vertical propagating
Rossby waves.
The vertical structure of planetary waves in the middle atmosphere depends on
the zonal background wind distribution. The cross sections in Fig. 19 show
three different planetary waves, while only the westward traveling 16-day wave of
wavenumber 1 (left panel) and the 10-day wave of the same wavenumber (mid-
dle panel) are assumed to be Rossby waves. Analogously to Fig. 20, temperature
fields of different datasets such as MUAM (color scaling), MetO (black contours)
and SABER (green contours) are combined. Both wave modes can propagate on
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the winter hemisphere towards the upper mesosphere as long as the prevailing
winds are eastward directed (westerly) as already indicated in Fig. 15. The com-
parison of wave amplitudes in the stratosphere between model and reanalyses fits
qualitatively well, although only MetO data of Jan-Feb 2003 are used. The SABER
analyses in a latitude range between 45°S and 45°N represent only a small region
where PW activity can be detected. The obtained values are generally weaker than
that ones provided by MUAM and MetO. Usually, the 16-day wave is stronger than
the 10-day wave. However, on the summer hemisphere, the 16-day wave is com-
pletely eliminated by the easterly jet. In the model, a weak signal of the 10-day
wave still exists in the stratosphere. This behaviour seems not to be consistent with
observations. Neither MetO nor SABER characteristics show weak amplitudes of
these modes on the southern hemisphere.
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Figure 18: Vertically propagating Rossby waves as a function of U and the total
wavenumber K at 50°N and a buoyancy frequency of N = 2 ·10−2s−1.
In this thesis the main focus lies on PW activity during the period of time from
2002 to 2008. Thus, the seasonal variability and the variation from year to year
has to be considered. Figure 20 represents the latitudinal distribution of the mean
wind at 10 hPa (contours) and an index of stationary waves (Ps) at 1 hPa (color
scaling) as a function of time. In general, the wave activity is stronger on the
northern hemisphere (Ps ≈ 15 K) than on the southern hemisphere (Ps < 10 K), in
contrast to the mean wind that behaves in a reversed manner with U ≈ 40 m/s
(NH) and U ≈ 60 m/s (SH). During the presence of PW, which transport energy
from the troposphere to the mesosphere due to their interaction with the mean
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flow, the waves decelerate the mean wind. Especially, during strong PW forcing
the mean flow can break down and reverse. Such events lead to an increase of
the winter polar temperature and are therefore defined as a sudden stratospheric
warming (SSW), see Section 3.3.
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Figure 19: Height-latitude cross section of westward propagating PW (k=1) anal-
ysed from MUAM (red scaling), MetO (black contours) and SABER (green contours)
temperature amplitude in January. The 16-day (left panel) and 10-day (mid panel)
Rossby waves as well as the 3.75-day Kelvin wave (right panel) are shown.
A connection between the Quasi-Biennial Oscillation (QBO) and the occurrence
of SSW events is evident, as it was already found by, e.g., Holton and Lindzen
(1972); Labitzke and van Loon (1992). If the mean wind is westerly from the
equator to the polar latitudes during northern hemisphere winter, the conditions
for planetary wave propagation are favorable leading to a breakdown of the polar
vortex in the case of the observed winter 2003/04 and winter 2005/06.
The picture of PW in the upper mesosphere presented by, e.g., Jacobi et al. (1998);
Beard et al. (2001) differs from that in the stratosphere. The spectral climatology
of planetary waves (2-30 days) from neutral wind reveals that short-period PW
(<5d) are generally stronger in summer, in contrast to most likely long-period PW
(>10d) during winter. Similarities of PW activity to the lower stratosphere can be
found in winter, if a direct propagation is possible. A typical wave, which occurs in
the summer mesopause has a period of quasi-two days as observed by e.g. Jacobi
et al. (1997). Jacobi et al. (2006) suggested that the quasi-two-day wave is likely
forced in situ.
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Figure 20: Time-latitude cross section of the zonal wind at 10 hPa and proxy of
stationary waves in temperature at 1 hPa from 2002-2008 based on MetO reanalysis
data.
4.2.3 Kelvin waves
Due to f = βy ≈ 0 at the equator wave motions in tropical regions differ from
Rossby waves that are observed in the midlatitudes. From the dispersion relation
of Kelvin waves a dependency with the buoyancy frequency (N) can be derived as
ωK ≈−Nk
m
. (22)
These waves are eastward propagating. In Fig. 19 (right panel) the height-latitude
cross section of the amplitude for ultra-fast Kelvin wave (UFKW) is shown, which
were modeled with MUAM. Such modes have periods of 3.75 days and a zonal
wavenumber of k=1, but only one example of the possible Kelvin wave spectrum.
Trapped near the equator, the Kelvin waves propagate upward and penetrate the
lower thermosphere, where the maximum can be found. However, no such Kelvin
wave are found in the stratospheric reanalyses during Jan-Feb 2003, because their
amplitudes are small there. By using SABER data signatures of such eastward
moving component are detected near 120 km. It seems that only fast tropical
Kelvin waves are able to propagate directly into the lower thermosphere (e.g.
Forbes, 2000; Fröhlich et al., 2003; Pogoreltsev et al., 2007), in contrast to other
PW, which dissipate in the mesosphere.
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4.2.4 Gravity waves
Next to the global scale waves, which were introduced in the previous Sections,
mesoscale and large-scale GW, whose frequency range varies from Brunt-Väisälä
frequency (N ≈ 2 · 10−2s−1) to the Coriolis parameter ( f ≈ 7 · 10−5s−1), play an
important role in the middle atmosphere by transferring energy and momentum.
Their amplitudes grow proportional to ez/2H , while the background density de-
creases. Based on the dispersion relation | k/m |=| λz/λx |=| ω/N | it can be de-
duced that fast horizontally moving GW go along with short horizontal λx and
longer vertical wavelengths λz. Radar and other observations have shown a broad
spectrum of GW periods. These are characterised by horizontal scales of about
100-200 km and move with a phase speed of up to 80 m/s. In the presence of
a basic flow the momentum flux of GW change sign, if the wave travels through
the critical layer, where the phase speed of the wave is equal to the mean wind
(c−U = 0).
The mesosphere dynamics is controlled by the breaking of GW. Thereby they de-
posit momentum and cause turbulence. Gravity waves that only depend on the
buoyancy frequency N2 =
g
θ
∂θ
∂ z are indicated as pure internal GW.
The stability index N2 of the middle atmosphere derived from SABER temperature
profiles is presented in Fig. 21 (left panel) by showing a height-latitude cross sec-
tion between 30 to 120 km. Generally, for N2 > 0 the stratification of the layer
is considered as statically stable. The stratosphere with N2 ≈ 5 · 10−4s−2 is more
stable in comparison to the mesosphere N2 ≈ 3 · 10−4s−2. Above, in the lower
thermosphere, the temperature increases with height and the condition stabilises
again. The vertical propagation of tropospherically forced GW into the mesosphere
is mainly determined by the static stability of the background atmosphere. Those
adiabatic oscillations of an air parcel, which is displaced vertically from the equi-
librium state, may have a vertical wavelength in the range from 5 to 15 km. In Fig.
21 (right panel) an arbitrary wavelet spectrum (Torrence and Compo, 1998) based
on a single SABER temperature profile (2004-01-30, 52°N/102°E) is depicted, that
is, the vertical wavelength depending on height. Long wavelengths (λz > 20 km)
can be related to global-scale wave phenomena (such as PW and tides). This is
in contrast to short vertical wavelengths (λz < 10 km), which are interpreted as
GW (e.g. Krebsbach and Preusse, 2007). Due to the increasing instability of the
upper mesosphere GW tend to break there and depose heat and momentum to the
environment.
4 BACKGROUND STRUCTURE OF THE MIDDLE ATMOSPHERE 53
40 20 0 20 40
Latitude [ ◦ ]
30
40
50
60
70
80
90
100
110
120
H
e
ig
h
t 
[k
m
]
SABER: N2  [10−4 s− 2]
2
4
6
8
10
12
5 10 20 30
Vertical Wavelength [km]
40
60
80
100
120
H
e
ig
h
t 
[k
m
]
Ampl. [K]
0
.4
0.
4
0
.4
0
.4
0
.8
0.8
0
.8
1
.21
.62
.0
2
.42.8
3
.2
SABER: Vertical Wavelenth Spectrum
0.0
1.5
3.0
4.5
6.0
7.5
9.0
10.5
12.0
Figure 21: Height-latitude cross section of buoyancy frequency (N2) derived from
SABER (left panel) and a wavelet spectrum of vertical wavelength (2004-01-30,
52°N/102°E) including all waves (color scaling) and excluding large vertical wave-
length (contours).
By filtering the vertical wavelength information GW can be extracted from single
SABER temperature profiles. This idea is used in this thesis to study the vertical
coupling by the modulation of GW. A detailed description of this technique is given
in Section 3.4. The seasonal climatology of GW is shown as additional material
in the Appendix (Fig. 60) by plotting the potential energy Ep in a height-latitude
cross section averaged over 2 months based on SABER data from 2002-2008. The
main sources of GW are located over the tropics and the highest potential energies
are found in the mesopause region (85-95km) where parts of GW dissipate and
other ones are able to influence the thermosphere dynamics.
4.2.5 Wave propagation and mean flow interaction
The residual mean meridional circulation of the middle atmosphere can be ex-
pressed by the Eliassen-Palm (EP) flux vector and its divergence (Eq. 23) in the
quasi-geostrophic form. The EP-theorem (Eq. 24) describes the response of the
zonal mean flow (u) to eddy momentum flux (v′u′) and eddy heat flux (v′θ ′). The
vectors indicate waves, which propagate in the meridional cross section (see Fig.
23),
∇ ·F =−ρ0
∂
(
u′v′
)
∂y + f0 ·ρ0
∂
(
v′θ ′
)
∂θz
(23)
∂u
∂ t −
(
va− 1ρ0
∂
∂ z
[ρ0v′θ ′
θ0z
])
−X = 1ρ0 ∇ ·F (24)
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where va is the ageostrophic meridional velocity and X represents the non- con-
servative term.
For the vertical propagation of Rossby waves the conditions are satisfied: That
is, the disturbances are steady and linear as well as frictionless and adiabatic. It
follows that the mean flow is conservative (∇ ·F = 0). There is no acceleration
devolved by eddies.
In the non-conservative case (∇ ·F 6= 0) waves and the mean flow interacts by ac-
celeration of the flow to the west (∇ ·F < 0) or acceleration to the east (∇ ·F > 0).
Both can be interpreted as sources and sinks of wave activity.
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Figure 22: Eliassen-Palm flux cross sections of several PW as discussed in the text
starting with the EP-flux vectors (arrows) and the EP-flux divergence (color scaling)
beginning from the left for the SPW (k=1), the 16 d wave (k1w), the 10 d wave
(k1w) and the 3.75 d wave (k1e) simulated with MUAM. The units of the contour
lines are given in ∇·F [m/s/d].
The EP-flux for traveling PW presented in Fig. 22 indicates that Rossby waves in
the middle atmosphere simulated with MUAM cannot propagate into the lower
thermosphere. The divergence of the EP-flux calculated for the SPW (k=1), the
16-day wave (k1w) and the 10-day wave (k1w) show sinks of wave activity in
the upper mesosphere (color scaling) and the EP-flux vectors reveal a downward
movement. In contrast to that behaviour of Rossby waves, equatorial Kelvin waves
are able to reach the lower thermosphere, which is indicated by sources of wave
activity above 100 km altitude.
Another example of such interactions is demonstrated in Fig. 23 depicting the EP-
flux cross sections for SPW1 (upper, left panel) and SPW2 (upper, right panel) as
well the westward propagating 16-day (lower, left panel) and 10-day (lower, right
panel) wave with k=1. The given synoptical situation indicates a SSW on the date
2004-01-20. The height-latitude section covering 20°S - 80°N and 1000 hPa - 1
hPa visualises the westerly jets in the troposphere and stratosphere (color scaling).
In the polar lower stratosphere the zonal mean wind has reversed due to the
deceleration caused by a strong SPW1 activity. Other traveling components, such
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as the westward propagating 16-day wave and 10-day wave (k=1), propagate
poleward and cannot reach the lower mesosphere.
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Figure 23: Eliassen-Palm cross sections for stationary waves (upper row) and long-
period traveling waves (lower row). The zonal mean flow (color scaling), the vectors
of F (arrows) and the values of ∇ ·F (contours) given in units of m/s/day are shown.
4.3 Stratospheric sudden warming
A phenomenon of the winter polar stratosphere/mesosphere caused by the wave-
flow interaction is known as sudden stratospheric warming (SSW) (Scherhag,
1952) where the circulation of the polar vortex is disturbed. From a climatological
point of view the mean zonal wind in the winter stratospheric jet is well-known
and generally eastward directed (westerly). An event of SSW is characterised (e.g.
Labitzke, 1999) by a rapid increase of the zonal mean polar temperature and the
reversal of the zonal mean winds to an easterly flow near 60°N (major warming).
A more detailed analysis of the winter polar stratosphere reveals a strongly zonal
asymmetric structure before the sudden warming occurs, which is connected to
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tropospherically forced PW activity. Holton and Mass (1976) have investigated a
wave-mean flow interaction during a strong wave forcing, which leads to a mani-
festation of the oscillating state. They argued that SSW events can be interpreted
as a variation of the zonal mean flow with time and were called as vacillations.
The long-term characteristics of SSW events revealed in NCEP data between 1958
and 1999 have been observed by Ryoo and Chun (2005). They selected SSW by
using zonal-mean temperature and zonal wind in two groups. One type (Type I)
occurs during QBO east, where large amplitudes of wavenumber 1 in the strato-
sphere were observed before the onset. Large amplitudes of wavenumber 1 in
the stratosphere and troposphere, long before onset, causes a rapid decreasing
10 days after that. Another type of SSW (Type II) is forced by a large amplitude
of wavenumber 2 in the troposphere and stratosphere 10 days before and after
warming. This is usually the case during QBO west. As a result PW can propagate
upward and poleward.
Based on low-pass filtered MetO reanalysis data of zonal mean temperature and
zonal wind at midlatitudes (60°N), events of SSW and their change from year to
year during 2002-2008 are characterised in Fig. 24. The figure shows the variation
of the background with height (10-55 km) over the winter season during the pe-
riod of time from 2002 to 2008. Major warmings connected with a reversal of the
zonal wind (contours) can be detected in January 2004, February 2006 and March
2008 every two years during QBO west (compare to Fig. 20). Such rapid change
of the background state for about 2-3 weeks impede the vertical propagation of
PW from lower stratosphere into mesosphere. Before and after that the zonal wind
has westerly direction, which allows Rossby-waves to propagate upward.
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Figure 24: Cross section of zonal mean temperature (gray scaling) and zonal wind
(contours) in the time-altitude domain at 60°N to identify SSW events during 2002-
2008.
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Obviously, there exists a relation between the occurrence of SSW events and tro-
pospheric blocking situations. Due to the reflection of upward propagating wave
activity a downward moving process with a delay of a few weeks may influence
the tropospheric weather and climate. A view on SSW in the stratosphere and
mesosphere up to 90 km derived from SABER temperature data is presented in
the Appendix (Fig. 59). Several studies investigating the effects of single SSW
events on the middle atmosphere circulation during the last decade can be found
in literature (e.g. Hoffmann et al., 2007; Mukhtarov et al., 2007; Pancheva et al.,
2009a; Manney et al., 2009; Wang and Alexander, 2009; Yamashita et al., 2010).
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Figure 25: Polar stereographic projection of geopotential height (contours) and tem-
perature (gray scaling) at 10 hPa on 2003-12-1 (left panel) and 2004-02-01 (right
panel).
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Figure 26: Cross section from 0-55 km of wave-like structures in monthly mean zonal
wind derived from MetO data between 2002-2008. The quasi-biennial oscillation
(QBO) with a period of about 26-months (left panel), the annual oscillation (mid
panel) and the semiannual oscillation (SAO, right panel) are shown.
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Figure 25 depicts the spatial distribution of temperature (color scaling) and geopo-
tential height (contours) over the northern hemisphere at 3 hPa during two situa-
tions. The left panel shows an undisturbed polar vortex before the SSW event on
2003-12-02, while the right panel reveals a split of the polar vortex. The increas-
ing meridional component leads to a warming of the polar stratosphere.
Usually, the long-periodical oscillations in the middle atmosphere, shown in Fig.
26, indicate an annual period at midlatitudes (middle panel) and a semi-annual
period in the equatorial mesosphere (right panel). Such low-frequency oscillations
of the stratosphere have been derived from MetO monthly mean zonal wind fields
between 2002-2008. In the lower stratosphere (20-30 km) signals of a quasi-
biennial oscillation (QBO) with an amplitude of about 15 m/s (left panel) can be
observed. A possible connection to PW activity at midlatitudes is shown by Jacobi
et al. (1998).
5 PROPERTIES OF THE UPPER ATMOSPHERE 60
5 Properties of the upper atmosphere
Analogous to the previous Chapter, measurements (e.g. GPS-TEC) and data from
empirical models (e.g. IRI) are used to describe the state and variability of the
ionosphere, especially the behaviour of the F-region (∼300 km). The basic prop-
erties of the neutral and ionised component of the upper atmosphere are described
by Prölss (2001). Molecular processes, such as the absorption of EUV by photo ion-
isation, become important and are responsible for the characteristical structure of
the ionosphere and heating of the neutral atmosphere. In a review of the thermo-
spheric dynamics by Forbes (2007), the ionosphere/thermosphere (IT) is defined
as a system that is primarily forced by an external energy input of solar origin in
form of EUV radiation and precipitating particles energy from the sun. A detailed
overview about the physics in solar-terrestrial environment is given by Hargreaves
(1992). While the long-term changes of solar activity are responsible for a natural
climate change (e.g. ice ages), short-lived intense outbursts, known as solar flares,
are embedded in a stream of matter (solar wind), which is directly attributed to
the variation of the magnetic field and the variation of the ionosphere. In the
following two Sections an outline of both the neutral upper atmosphere (thermo-
sphere) and the ionised component (ionosphere) is presented.
5.1 The neutral atmosphere
The vertical structure of the neutral upper atmospheric temperature in a height
range of about 100-400 km (thermosphere) is characterised by a rapid increase
of temperature up to an asymptotic limiting value close to about 1000 K, caused
by the absorption of the solar ultra-violet radiation (below 242 nm) and friction
between ions and neutral gas (Joule heating).
Above 100 km the main absorbers only are the light gases such as O, He and H. By
using the Mass-Spectrometer-Incoherent-Scatter (NRLMSISE-00) model (Picone
et al., 2002) the distribution of their number densities can be calculated. The
model data include measurements from rockets, satellites and incoherent scatter
radars. Typical values of meteorological (macroscopic) parameters (such as den-
sity, wind speed, temperature and pressure) are listed in Tab. 9, respectively, in
comparison to values of the lower atmosphere. In contrast to the decreasing pres-
sure and density with height, the temperature, the mean flow speeds and the free
path lengths are increasing. For example, regarding values of density (∼ 1.3kg/m3)
in the lower and (2 ·10−11 kg/m3) in the upper atmosphere, the difference amounts
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about 10 dimensions, and a stronger spatio-temporal temperature contrast induces
higher wind speeds up to 1000 m/s. Due to the increasing of the free path length
of the molecules according to the decreasing mass density, molecular diffusion
becomes more important.
Parameter Symbol 0km 300km Unit
Density ρ 1.3 2 ·10−11 kg/m3
flow speed −→u 0-50 0-1000 m/s
temperature T 200-320 600-2500 K
pressure p 105 10−5 Pa
free path length l 8 ·10−8 3000 m
Table 9: Tables of macroscopic parameter which describe the state of the thermosphere
at about 300 km in comparison to the lower atmosphere (Prölss, 2001).
Strong temperature contrasts in the thermosphere between summer and winter
pole as well as between day and night of more than 100 K may induce horizon-
tal wind speeds of a few hundred m/s to balance the differential heating. The
neutral wind circulation of the middle and upper atmosphere is mapped in Fig.
27 where a height-latitude cross section for January mean conditions (left panel)
and a polar projection of the circulation from the day to the night sector near 300
km (right panel) is shown. The vertical coordinate is given in a non-dimensional
height x = −ln(p/1000) with a distance of 0.4 between two levels, where x = 24
corresponds to the geopotential height of about 300-400 km. The height range
from x = 8 to 20 covers the middle atmosphere below the thermosphere, and Fig.
27 represents NH winter conditions which were simulated with the 60-level ver-
sion of MUAM.
The zonal mean meridional circulation of the thermosphere is driven by the dif-
ferential solar heating between summer and winter hemisphere. The circulation
is closed by a weak return flow in the lower thermosphere to maintain continuity.
This circulation system affects the distribution of major chemical species (e.g. O
and N2) between about 120 and 500 km. Heating processes in the lower ther-
mosphere carry N2 molecules to higher altitudes. At upper levels a transport by
horizontal winds to other latitude regions starts from the summer to the winter
hemisphere. During solstice the solar heating is more uniform, which results in a
much weaker meridional winds.
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The circulation of the neutral atmosphere in the dawn and dusk sector is forced by
temperature differences between day and night sector of more than 200 K, shown
in Fig. 27 (right panel). This indicates higher wind speeds during dusk, in con-
trast to weaker sunward winds before the dawn. In both sectors the flow reverses.
The vectors indicate a flow directed from day to night side of more than 100 m/s
across the isobars (isotherms). This sun-driven circulation is in contrast to the
geostrophic wind relation in the lower and middle atmosphere. For thermospheric
conditions the neutral-ion collision term is larger than the Coriolis term and hence
dominates the flow across the isobars.
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Figure 27: Height-latitude cross section of the background circulation (arrows) by ap-
plying MUAM, which includes the neutral middle- and upper atmosphere (left panel).
The temperature deviations from meridional mean are given in color scale. A po-
lar map of the northern hemispheric circulation and temperature distribution near
F-region height (∼300 km) is shown in the right panel.
Measurements of the thermospheric winds in the polar regions have been pre-
sented by Lühr et al. (2007) who used the accelerometer on-board the CHAMP
satellite at around 400 km. Their analyses reveal a fast day-to-night flow over the
polar cap in the summer NH with a mean speed of about 600 m/s in the dawn
sector. At auroral latitudes they found strong westward zonal winds on the dawn
side. Such wind patterns are also qualitatively reproduced by the MUAM model,
even though the wind speeds are slightly underestimated.
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5.2 The ionosphere
The regular variability of the ionised components of the upper atmosphere can
be described by empirical models such as the International Reference Ionosphere
(IRI) model (e.g. Bilitza, 2001). It is based on measurements, which are adapted
to analytical functions to provide a simplified climatological behaviour of the iono-
spheric variability. For example, information about the electron density up to 1000
km is derived. This model do not exploit complex physics: special phenomena
(e.g. the equatorial anomaly) appear more smoothly than in reality. One impor-
tant advantage of these models is that they are not time-consuming and allow to
calculate relatively quickly global distributions of the ionospheric parameters (e.g.
TEC).
Physical models of the ionosphere describe the main processes, which are respon-
sible to build the ionospheric layers as given in Tab. 10. From local sounding of the
ionosphere via ionosondes, which transmit radio signals at different frequencies,
vertical profiles of the electron density up to a maximum altitude of about 400
km can be retrieved. If the frequency of the beam is equal to the critical plasma
frequency (e.g. foF2 corresponds to the F2-layer), the signals are reflected and
the virtual height of this layer (hmF2) can be determined. The relation between
the critical plasma frequency fp and the electron density Ne can approximately be
written as fp ≈ 8.978 ·
√
Ne.
Photoionisation is the main physical process in the ionosphere, which balances
with recombination and is being transported by the neutral wind. Due to the fact
that the absorption of EUV solar radiation depending on wavelength and altitude,
this property is responsible for the formation of ionospheric layers. Information
about the main absorbers and wavelengths as well as the height ranges are sum-
marised in Tab. 10. At wavelengths lower than 80 nm atomic oxygen and molec-
ular nitrogen are absorbed in a height range between 170 to 1000 km.
Region Height-range Molecules/Atoms Ne solar EUV
D .90km NO, Cluster ions 108 . . .1010m−3
E 90 - 170km O2, NO 1011m−3 80 < λ < 102.7nm
F 170 - 1000km O 1011 . . .1012m−3 14 < λ < 80nm
Table 10: Absorption characteristics various absorbers at certain altitude and wave-
length region. (Prölss, 2001).
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The seasonal variation in the vertically dependent electron density obtained by
IRI2007 is shown in Fig. 28 and a global projection of modeled TEC is presented
in Fig. 29. It turns out spatio and temporal variations depend on latitude, time
of day, season and solar activity. All these regular structures can be obtained from
empirical model results, which are shown in Fig. 28 by extracting vertical profiles
of electron density over 52°N/15°E during solar maximum (left panel) and solar
minimum (right panel). The ionosphere shows a proportional response to changes
in the solar activity during the course of a solar cycle, which means that a high
solar flux corresponds to higher concentrations of electrons. However, the sea-
sonal pattern differs. During summer (thin lines) less free electrons are observed,
because a dominant meridional transport by the neutral wind systems leads to a
shifting of potential absorbers and ionised plasma from the source on the summer
hemisphere to the winter hemisphere. The difference between the diurnal (solid
lines) and nocturnal (dotted lines) values is considered in Fig. 28. Usually, the
highest values are observed around 14 local time (LT) and the minimum between
0 to 6 LT. The maximum height of the electron density peak during solar maximum
is in winter (∼400 km), which is larger than the values of (∼300 km) in summer.
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Figure 28: Vertical profiles of electron density at 52°N/15°E extracted from the em-
pirical model of the ionosphere (IRI), which is used as a reference to show different
daily situations, day (solid lines) and night (dotted lines). Furthermore, It is distin-
guished between summer and winter season during solar maximum (left panel) and
solar minimum (right panel).
The global ionospheric TEC distribution on 2003-01-01 at 12 UT (Fig. 29) is
dominated by structures in the F-region height near 300 km. Next to the difference
between the summer and winter hemisphere at high latitudes, another anomaly
at low latitudes can be observed on the day side: while the seasonal anomaly is
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caused by the global wind circulation in the thermosphere, the equatorial anomaly
(red areas near the equator) are characterised by a maximum at low-latitudes
and a minimum over the equator induced by interactions between the ionised
plasma and the electric field. This is directed from West to East during the day. In
combination to the Earth’s magnetic field (white contours), directed from South
to North, the plasma is transported and drifts away from the equator.
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Figure 29: Mollweide projection of the Ionospheric TEC obtained by the reference
model (IRI) on date 2003-01-01 at 12 UT. The TEC unit is given in 1015 el/m2. The
magnetic latitudes are represented in white contours.
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Figure 30: Mollweide projection of thermospheric winds (arrows) and temperature
(color scale) distribution in winter at 12 UT.
The dynamical conditions during NH winter in the neutral atmosphere (∼300 km)
are shown in Fig. 30 based on a MUAM run. The global temperature distribution
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for January conditions at 12 UT is presented in color scales and the arrows label
the sun-driven transport of more than 100 m/s by the horizontal wind system from
the day to the night side as well as from the summer to the winter hemisphere (see
also Fig. 27). The flow crosses the isotherms, because the horizontal pressure gra-
dient is predominantly balanced by ion-neutral collision rather than by the Coriolis
force, as reported by Forbes (2007). In general, the wind speed at high latitudes
is more intense than in the tropics. Due to the connection between neutral and
ionised components of the upper atmosphere a physical coupling exists.
5.3 Regular and irregular variations
Based on data of ionosonde and GPS of the coordinate 52°N/15°E, which are
shown in Fig. 31, a comparison between two measurement principles and their
seasonal variation were performed. A strong correlation between the critical
plasma frequency ( f oF2, lower panel) obtained by ionosondes and the total elec-
tron content (T EC, upper panel) derived from GPS signals is obvious. The distri-
bution of the diurnal cycle in the course of two years (2004-2005) is shown. Both
datasets are in relatively good qualitative agreement, especially during 2004. The
diurnal cycle is well developed during the winter, which demonstrates a strong
decrease after sunset around 18 LT, a few hours before the highest values are
reached. The diurnal cycle during summer is less developed, rather a semi-diurnal
component becomes dominant. However, the general level of ionisation based on
daily averages seems to be more pronounced in summer than in winter.
Irregular fluctuations of the electron density are identified as Traveling Ionospheric
Disturbances (TIDs). These are characterised at different horizontal scales as given
in Tab. 11 based on Prölss (2001). Borries et al. (2009) analysed large-scale TID
signatures with a horizontal wavelength of about 1000 km and a period range
between 30 min to 3 h from highly temporally resolved TEC data over the Euro-
pean sector. Such disturbances are moving with a phase speed between 300 and
1000 m/s and their occurrence is associated with GW activity in the middle at-
mosphere. In this study of vertical coupling between stratosphere and ionosphere
by the modulation of GW through PW, data of large-scale TID provided by DLR
Neustrelitz is used to outline a likely process chain.
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Figure 31: Comparison of TEC data at 52.5°N/15°E (upper panel) and the critical
plasma frequency ( f oF2) measured by the ionosonde at Juliusruh 54.6°N/13.4°E
(lower panel).
TID Period range horizontal Wavelength range Phase speed
small-scale <10 min ∼10 km <100 m/s
meso-scale 10 min - 1 h ∼100 km 100 - 300 m/s
large-scale 30 min - 3 h ∼1000 km 300 - 1000 m/s
Table 11: A classification of traveling ionospheric disturbances (TIDs) after Prölss
(2001) is given.
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6 Climatology of planetary waves
In the previous Chapters an overview of the used atmospheric data (MetO, SABER
on TIMED, TEC-maps) and methods (spectral and non-spectral space-time anal-
ysis) as well as some essential preparatory works (normalisation of TEC, regrid
satellite data) have been described. Now, the analysis results of the first part
are summarised to compile a climatology of stratospheric PW and ionospheric
PWTO, which is applied to illustrate characteristic wave activity. Since the tem-
perature data from the MetO reanalysis product (0-60 km) overlap with those
retrieved from SABER (30-130 km), the first Subsection presents a comparison of
daily temperature fields and PW results obtained from the two different datasets.
However, before establishing the spectral climatology of stratospheric PW (MetO,
SABER), mesospheric PW (SABER) and ionospheric PWTO (TEC-maps) (Section
6.3) proxies of PW/PWTO are calculated to give an impression about the seasonal
variability and possible connections of these quantities.
6.1 Validation of PW results derived from SABER
A continuous coverage of SABER temperature data can be given from 30-130 km
altitude and in a latitude range between 45°S to 45°N. In comparison to the stan-
dard reanalysis product from MetO there is an overlap between 30-60 km, which
allows a validation of the satellite data. Remsberg et al. (2003) compared maps
of temperature, geopotential height and geostrophic winds on constant pressure
levels with respective products provided by MetO. These authors estimated the
errors to be within 2 K for temperature and 160 m in geopotential height in the
stratosphere. In general, the respective wind fields indicate flow patterns that are
similar to MetO. For a period in February 2002, a sudden stratospheric warming
event in the northern hemisphere is accompanied by a cooling in the middle meso-
sphere.
At first, an example temperature field for only one day (2003-01-01) and at one
fixed height (∼40 km) is compared, where the longitude-latitude plane between
45°S and 45°N, and differences are discussed. The 15 orbits of the TIMED satellite
provide a global uneven coverage in space and time, while the longitudinal dis-
tance between two orbit nodes is of about 24°. This corresponds to a time shift of
almost 90 minutes. All observations are fitted to a daily averaged picture, which
is compared to the 12 UT assimilated MetO data at 40 km.
Figure 32 depicts the horizontal temperature distribution obtained by SABER (left
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panel) and MetO (right panel), which ranges from 280 K (red) on SH and 220 K
(blue) on NH. The winter hemisphere appears more disturbed by PW activity. The
observed longitudinal variability at midlatitude (∼45°N) indicates a strong zonal
wavenumber 1 and an amplitude of about 40 K. The wave reaches a maximum at
45°N/0°E of ∼270 K and a minimum at 45°N/260°E of ∼230 K. Furthermore, the
position of a cut-off minimum of 230 K near 30°N/160°E is found in both datasets.
In contrast to small scale disturbances, especially over the equator, differences oc-
cur. It is supposed that the accuracy of the reanalyses decreases in general with
altitude and, in particular, for low latitudes.
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Figure 32: Horizontal temperature distribution on 2003-01-01 based on SABER data
(left panel) in comparison to MetO (right panel) at ∼40 km.
In the following, the SPW1 is analysed from both datasets using the space-time
method. Figure 33 shows two panels with the SPW1 amplitude distribution in
the latitude-time domain around 40 km (upper panel) and in a height-time cross
section at 45°N (lower panel) from 2002 to 2005. The values provided by SABER
(color scaling) and MetO (contours) represent the seasonal behaviour of SPW1
activity quite well. Both datasets show the strong signature of this wave at midlat-
itudes during SH winter (JJA) and NH winter (DJF), while the observed amplitude
on the SH is smaller than on the NH. A strong signal of SPW1 is observed in July
2004 at 45°S. Focusing on PW activity at midlatitudes, a cross section on 45°N
for the same period of time is shown in Fig. 33 (lower panel). The height range
covers the middle atmosphere from 30-110 km.
A direct propagation of PW into the lower thermosphere above 90 km is not
observed. The comparison of SPW1 amplitude from MetO (contours) and from
SABER (color scaling) shows a good agreement between 30-55 km, similar to the
results of Pancheva et al. (2009a,b), but at about 60 km a local minimum of the
winter maximum becomes evident. At higher altitudes, the SPW1 is able to di-
rectly propagate into the upper mesosphere and dissipates there. Based on these
6 CLIMATOLOGY OF PLANETARY WAVES 70
first insights on the PW information derived from satellite data it seems that PW
are reliable up to about 80 km. Due to the simple procedure to prepare daily
evenly spaced data from orbital observations (see Section 3.4), tidal waves that
become important in the MLT-region blur the picture of PW.
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Figure 33: Comparison of latitude-time cross section at 40 km (upper panel) and
height-time cross section at 45°N (lower panel) distributions of SPW1 amplitude anal-
ysed from SABER (color scaling) and MetO (contours) temperature during summer
2002 to summer 2005.
6.2 Long-term behavior of PW-proxies
Planetary wave information derived from satellites are reliable up to about 80 km.
Before spectrally resolved characteristics of middle atmosphere PW are pointed
out, proxies of stationary and traveling PW are calculated to study the long-term
behaviour from 2002 to 2008 in comparison to the proxies of stationary and trav-
eling PWTO derived from ionospheric data at midlatitudes (52°N). Concerning the
PW-proxy amplitudes based on SABER data, nocturnal values (Tdsc) are used only
and the long-term mean is removed, which improves the seasonal cycle of PW ac-
tivity between 80-100 km. Above that height range tidal effects dominate and are
not regarded in the presented figures.
Figure 34 depicts a temporally resolved cross section of stationary wave proxies,
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which cover the height range from 30 to 100 km over 7 years of data. In principle,
such index can be treated as the sum of the main components (Ps≈ASPW 1+ASPW2).
The long-term mean (2002-2008) of this proxy at each height was subtracted to
emphasise the seasonal course of these waves above 80 km. This means that most
of the persistent signals in the upper mesosphere, which are interpreted as sta-
tionary waves, are generated by tidal effects. During winter westerly winds (solid
grey contours) stationary waves can propagate into the mesosphere. However,
during the last two winters (2006/07, 2007/08) the second maximum around 70
km of the stationary components is decreasing. Changes in GW breaking could be
responsible for that. The course of this proxy in comparison to MetO at 30 km and
45 km (blue lines) are qualitatively in good agreement.
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Figure 34: Height-time section of stationary PW proxy at 45°N derived from SABER
(color scale) and MetO (blue lines) over 7 years data (2002-2008). The mean zonal
wind (grey contours) is overlaid.
The traveling proxy (Fig. 35) shows a similar behaviour as the stationary one. The
amplitudes of Pt . 5 K are weaker as the stationary proxy with Ps . 12 K. Because
the traveling index includes both westward and eastward propagating waves, its
interpretation should be done carefully. Without any detrending of the time series
applying polynomials of the order <4, the variance is mainly determined by long-
periodic signals.
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Figure 35: Height-time section of traveling PW proxy at 45°N derived from SABER
(color scale) and MetO (blue lines) over 7 years data (2002-2008). The mean zonal
wind (grey contours) was overlaid.
By dealing temperature data from MetO reanalyses (0-60 km) and satellite (30-
130 km) the seasonal behaviour of stationary and traveling wave proxies at mid-
latitudes (45°N) were derived. In the following it is investigated how the coupling
between stratosphere and ionosphere, on the basis of the same proxies, can be
inferred using the normalised TEC data, as introduced in Section 3.3. The time
series in Fig. 36 present a coarse comparison between the temperature at 1 hPa
(black lines), SABER temperature at 40 km (green solid lines) as well as 70 km
(green dotted lines) and dTEC (red lines) for different indices of wave activity. At
the top of this Figure (a) the index for variations in the solar action is depicted,
which was calculated by computing the standard deviation of f10.7 (yellow curve)
with the help of a 48-day running window to control strong periodical signals trig-
gered by external forces. The second panel (b) reveals the comparison between
the mean states of the stratospheric/mesospheric temperatures. Due to the nor-
malisation all variations of the background (b) and stationary effects (d) in TEC
are removed. MetO and SABER data show the typical behaviour of the seasonal
variation: sudden stratospheric warmings in the winter stratosphere (green solid
line) go along with cooling in the mesosphere (green dotted line), which is evi-
dently detected in the SABER temperature means at the two different altitudes.
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Figure 36: Time series of wave proxies at midlatitudes from the stratosphere to the
ionosphere. The following quantities are depicted, starting from the top: (a) Running
standard deviation of f10.7 (black line) and Ap (grey line), (b) background state, (c)
proxies of vacillations, (d) proxy of stationary waves and (e) proxy of traveling waves.
The used data are: MetO temperature at 1 hPa (black lines), SABER temperature at
40 km (green solid line) and at 70 km (green dotted line) and ionospheric dTEC (red
lines).
Proxies of zonal symmetric oscillations (c), called vacillations, and traveling com-
ponents (e) of the ionospheric dTEC are greater than zero and possible candidates
for PWTO, which can also be partly caused by PW propagation from the lower at-
mosphere. However, their behaviour in the course of the decreasing solar activity
(2002-2008) is mainly determined by the solar variability, which the compari-
son to panel (a) indicates. The seasonal pattern of traveling PWTO looks similar
compared to stratospheric/mesospheric traveling PW, even though differences in
the shape of the seasonal cycle occur. Around solar maximum conditions (2002-
2005) the proxy of traveling PWTO indicates two maxima in early and late winter,
as well as a local minimum in mid winter. Such characteristics are not found in
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stratospheric temperature data, which always reveal a maximum of wave activity
in mid winter. Maybe the temperature is not a suitable parameter to study dy-
namical processes, because the zonal winds determine the wave propagation and
filtering. Thus, in Appendix 11 the proxies of traveling waves, derived from tem-
perature and zonal wind using MetO, are compared and Fig. 67 shows a better
agreement for the zonal wind in comparison to the ionosphere. However, in this
thesis the temperature product from MetO and SABER is exclusively applied for
analyses of direct signals of PW in the middle atmosphere.
6.3 Spectral climatology of PW and PWTO
The spectral method introduced in Section 3.2 to analyse PW in space and time
results in a huge number of different wave components. With the help of a sliding
time window analysis (48-day length), which is shifted by one day over the total
period of time from 2002 to 2008 (2557 days), for each segment a spectrum is cal-
culated and it characterises the different wave types by their zonal wavenumber
k = 1,2,3, period p = 3 . . .16d and propagation direction (eastward and westward).
Waves that have a zonal symmetric structure (k = 0) are called vacillations. Non-
zonal symmetric waves, whose amplitudes and phases are constant over time are
considered as stationary. A collection including all information of traveling waves
with respect to period and wavenumber is called PK-spectra. The size of the circles
correspond to the wave amplitudes.
To draw a climatological picture of PW activity in the stratosphere and ionosphere
the MetO temperature at 1 hPa and the ionospheric dTEC data at midlatitudes
(52.5°N) are analysed by generating a two monthly mean PK-spectra (Jan-Feb,
Mar-Apr, May-Jun, Jul-Aug, Sep-Oct, Nov-Dec) averaged over 7 years. From such
composites the seasonal cycle of PW activity of each component becomes directly
accessible.
A temporally resolved spectra of each wave component (e.g. k1w) is obtained by
plotting the amplitude of the wave with respect to its period (or frequency) over
the time span 2002-2008. By overlaying the two spectra of stratospheric PW and
ionospheric PWTO a possible coexistence of wave activity can be detected.
In order to find coexisting wave signatures, the amplitude of each wave type is nor-
malised by its long-term mean to reveal also weak wave signatures in the strato-
sphere and ionosphere. If both waves of the same type are two times greater than
the average, it is counted as a positive event and visually marked with a dot in
the running spectra. Finally, all detected events (days) for each wave component
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are counted and normalised to compute the potential number of days within the
2 months and 7 years to visualise a common picture of PW activity in the strato-
sphere and ionosphere.
6.3.1 Stratosphere
Spectrally decomposed traveling PW derived from MetO temperature data in mid-
latitudes at 1 hPa are depicted in Fig. 37, which reveals pure westward propagat-
ing Rossby-waves (k=1) during the equinoxes (spring, from March to April and
autumn, from September to October). During these seasons their vertical propaga-
tion into the mesosphere is accompanied by a moderate westerly mean flow. The
picture of PW activity in winter (Nov-Dec, Jan-Feb) shows pure east- and westward
traveling PW of comparable amplitudes. Such amplifications of the long-period
eastward components might be caused by the resonance to SSW, which persists
typically about 2 weeks. Their role seems to be somewhat overestimated in the de-
velopment of SSW as also found by, e.g., Pancheva et al. (2007); Pogoreltsev et al.
(2007). These authors interpret such occurrences as a consequence of an unstable
mean flow. Merzlyakov and Pancheva (2007) reported eastward moving waves
with k=[1,2] in February 2004 derived from SABER data excited by instabilities
of the polar night jet in the stratosphere/mesosphere. Such eastward components
are weaker, if the degree of jet instabilities is small.
In summer (May-Jun, Jul-Aug) easterly winds impede the propagation of long-
periodic PW. However, faster PW with periods shorter than 6-days are observed
in the summer stratosphere. Zonal symmetric oscillations (vacillations) are not
included by considering only purely traveling PW. The results presented here
are consistent with the spectral analysis of the seasonal, inter-annual and short-
term variability of PW in MetO stratospheric assimilated fields during the decade
from 1992-2001 (Fedulina et al., 2004). While long-period westward propagating
waves are dominant in the northern hemisphere, in the southern hemisphere east-
ward and westward propagating waves have comparable amplitudes (see A.1).
They suppose that a strong eastward component is associated with the internal
variability of the quasi-stationary planetary waves in the troposphere/stratosphere.
The dynamics and spectral climatology of PW in the southern hemispheric winter
is different to the one presented for the northern hemisphere (see e.g. Fedulina
et al., 2004; Guryanov and Fahrutdinova, 2009). In the Appendix 1 such a picture
(see Fig. 53) is given at the same pressure level on 52°S. In general, the strato-
spheric jets are stronger, because the stationary waves are much weaker than in
NH winter.
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Figure 37: Two-monthly mean PK-spectra (2002-2008) of purely traveling PW anal-
ysed from MetO temperature at 52.5°N and 1 hPa (∼50 km) .
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Figure 38: Two-monthly mean PK-spectra (2002-2008) of purely traveling PW anal-
ysed from SABER temperature at 45°N and ∼50 km.
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6.3.2 Mesosphere
As already discussed in Sections 6.1 and 6.2 PW activity derived from satellite
measurements provide reliable information up to about 80 km altitude. Thus, the
spectral method is applied to SABER data at 45°N to extent the climatology of
traveling PW to the mesosphere.
In Figure 39 the seasonal pattern of the westward traveling 16-day wave (upper
panel) and 10-day wave (lower panel) with k=1 in a height-time cross section is
shown applying the two-step method. The strongest traveling wave component
in the stratosphere/mesosphere at midlatitudes is the quasi 16-day wave. Direct
signals can be found in winter from the lower stratosphere up to the upper meso-
sphere (∼90 km). One can learn from this figure that the signal of both traveling
waves are more variable during winter and also from year to year, in contrast to
the stationary waves (Fig. 33).
Figure 39: Time-height section of westward traveling PW amplitudes at 45°N derived
from SABER. Shown are the stratospheric temperature (color scaling) and the vertical
propagation of the 16-day wave (upper panel) and the 10-day wave (lower panel).
Both have a zonal wavenumber k=1.
The spectral climatology of traveling PW at 50 km and 70 km presented in Fig. 38
and Fig. 40 reveals a similar pattern to the one is obtained from MetO reanalyses
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at 52.5°N and 1 hPa. This fact is not surprising because PW are able to propa-
gate upward from stratosphere to mesosphere, if the zonal mean flow is moderate
westerly, which is the case in spring and autumn. The intensity of the eastward
components during winter seems to decreases with height. Spectral results above
80 km are not useful to be interpreted for daily averaged satellite data, due to the
increasing tidal signals in the upper mesosphere and lower thermosphere.
The spectral method performed by Pancheva et al. (2009a), the so-called one-step
method, clarifies the picture of spectral wave components because they use the
unevenly spaced satellite data to directly extract PW and tides at the same time.
This procedure is rather convenient but much slower than the two-step method, if
a large number of PW components is analysed.
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Figure 40: Two-monthly mean PK-spectra (2002-2008) of purely traveling PW anal-
ysed from SABER temperature at 45°N and ∼70 km .
6.3.3 Ionosphere
Between operational data of the middle atmosphere (reanalyses, satellite) and
the ionospheric TEC-maps exists a huge vertical distance of about 250 km. In
this Section a climatology of purely traveling PWTO at ionospheric F-region (Fig.
41) is presented, analogously to the previous ones, which is characterised by
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dominant purely westward propagating wave signatures with zonal wavenum-
ber k=1. Long-periodic wave type oscillations maximise in winter, in contrast to
short-periodic waves (<10-days), which occur in summer and during equinoxes.
Especially in spring, the observed periodic range (3-7 days) corresponds to a case
study presented by Aushev et al. (2006) who compared data from Mesopause Ro-
tational Temperature Imager (MORTI) with ionospheric density derived from f oF2
over Almaty and a quasi-5-day wave in the stratosphere. The averaged seasonal
picture of PWTO appears to be comparable to the climatology of stratospheric PW.
However, the strongest westward moving components occur in winter. A dominant
eastward traveling wave is not evident from the climatological picture of waves in
the ionosphere.
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Figure 41: Two-monthly mean PK-spectra (2002-2008) of purely traveling PWTO
analysed from ionospheric dTEC at 52.5°N and ∼300 km (F-region) .
6.3.4 Stratosphere/Ionosphere
The climatological characteristics of purely traveling stratospheric PW and iono-
spheric PWTO at midlatitudes show similarities in all seasons. More details about
coexisting wave activity can be obtained by comparing the wave amplitudes of
each single time segment with respect to their long-term mean from 2002-2008
during the decreasing solar activity. All corresponding events are counted for each
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season separately and normalised by the possible number of days (events).
Figure 42 presents the results of such a comparison. The obtained climatological
picture shows a less clear structure of the seasonal variability regarding simul-
taneous observations of certain wave types. The size of the circles is equal to
the squared number of events, when wave amplitudes above the limit (Ak,±ω >
2 ·Ak,±ω) are detected in the stratosphere and ionosphere.
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Figure 42: Two-monthly mean PK-spectra (2002-2008) at 52.5°N for corresponding
wave activity in the stratosphere and ionosphere. The size of the circles is equivalent
to the square of the number of days showing concurrent observations. The filled
circles mark waves which show a nearly regular congruent behavior (more than 4 of
7 years) between stratospheric PW and ionospheric PWTO.
The strongest correspondence is found for the westward propagating 16-day wave
(k=1) with an agreement in 19.4 % of the days within the considered time interval
(Nov-Dec, approx. 420 days). Other westward components reveal a much weaker
coincidence. However, short-periodic eastward traveling waves (<10 days) sug-
gest a possible connection between the stratosphere and ionosphere in mid-winter
(Nov-Dec, Jan-Feb). The filled circles in Fig. 42 denote such concurrent wave
types and indicate a nearly regular occurrence of more than 4 years within the 7
years data length. Again, the westward propagating 16-day wave (k=1) must be
pointed out, while other wave components marked with open circles appear more
irregular or vary from year to year.
6 CLIMATOLOGY OF PLANETARY WAVES 81
Figure 43: Running spectra of westward traveling PW (contours) and PWTO (color scaling)
with k=1 at 52.5°N for each winter season from 2002 to 2008 derived from temperature
and dTEC. The dots mark coexisting wave signatures and the yellow shaded areas indicate the
spectrum of solar activity.
A temporally resolved picture of wave amplitudes in every winter during 2002 to
2008 for west- and eastward traveling waves with zonal wavenumber 1 (k1w, k1e)
in the stratosphere (contours) and ionosphere (color scaling) are given in Fig. 43
and 44 as running spectra for wave periods between 3 to 20 days. The spectrum
obtained by spectrally analysing the time series of the solar flux (yellow shaded)
is also added. In these spectra there exist areas occur where the contours of dT EC
and f10.7 overlap. In such cases it is supposed that the periodical oscillations in the
ionosphere are possibly of solar origin. The black dots mark common wave activity
in accordance to the relation given in the previous paragraph. The corresponding
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events for short-periodic eastward traveling waves appear during the first half of
the considered time period (solar maximum), in contrast to a westward propagat-
ing 16-day (k=1) PW and PWTO, which show nearly regular patterns through the
years. These signatures are visible almost every early winter (Nov-Dec). Only in
2004 no common events can be detected. Other wave components strongly vary
from year to year. Further running spectra for the components with k=2 can be
found in A.12 (Fig. 68 and 69).
Figure 44: The same as Fig.43, but for the eastward traveling components (k1e).
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7 A possible mechanism of vertical coupling
The climatology of stratospheric PW and ionospheric PWTO presented in Chap-
ter 6 shows that the seasonal course of PW activity, approximated by proxies of
stationary and traveling waves, indicates a similar behaviour with a maximum in
winter. At the same time, the spectrally resolved picture of different wave com-
ponents provides less clear characteristics of common wave activity in the strato-
sphere and ionosphere.
However, the results presented in this second part prove the potential process, if
GW potential energy derived from SABER temperature profiles is able to transfer
signatures of PW in the thermosphere/ionosphere. GW and tides play the most im-
portant role in mesosphere/lower thermosphere (MLT) dynamics. The introduced
procedure to extract GW potential energy (Section 3.4) was applied and daily reg-
ular gridded data were analysed here in space and time by calculating proxies of
stationary and traveling waves. The analysis of temperature data is denoted as
the direct signal of PW, while the analysis of potential energy denotes the indirect
signature of PW caused by GW modulation.
7.1 Modulation of GW by PW
The modulation of GW by stratospheric PW is treated as one possible mechanism
to transfer large-scale wave information into the thermosphere- ionosphere sys-
tem. Although the main sources of GW modulation are located in the tropics,
Fig. 45 demonstrates that traveling PW preferably modulate GW potential energy
(lower panel) at midlatitudes. The seasonal variation of this mechanism seems to
be in good agreement to the PW activity itself.
In the next step, a winter situation is selected to investigate the height depen-
dent latitudinal distribution of normalised GW signals modulated by PW. Figure
46 depicts a height-latitude cross section of the GW modulation through station-
ary (left panel) and traveling waves (right panel) during winter 2003/04. The
averaged characteristic indicates, as already mentioned, that traveling PW prefer-
ably modulate GW. These have smaller horizontal and vertical scales than PW,
which allows them to overcome the mesopause and directly penetrate the lower
thermosphere. The vertically propagating signal (red scaling) shows a vertical
wavelength of about 20 km, which is reasonable for PW. The maximum around 40
km corresponds to the PW activity. However, the modulated signals are observed
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at more southern latitudes than the PW. In contrast to the southern hemisphere
(summer) no indirect signatures of PW by GW modulation are detected.
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Figure 45: Latitude-time section of GW modulation (color scaling) by stationary PW
(upper panel) and by traveling PW (lower panel) are shown at 40 km. The contours
denote the PW activity.
Figure 46: Modulation of GW by stationary waves (left panel) and traveling waves
(PW) during winter 2003/04.
A temporally resolved picture of the vertical structure for both proxies at 45°N
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is presented in Fig. 47, which shows direct signals of stationary (upper panel)
and traveling (lower panel) PW as black contour lines up to about 80 km. In the
stratosphere/mesosphere satellite measurements (e.g. SABER) provide suitable
information about the PW activity. The color scaling indicates the indirect signals
of PW modulated by GW potential energy. In order to improve the visual impres-
sion of such coupling mechanism, the amplitudes were normalised by averaging
in a long-term manner (2002-2008) for each height level.
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Figure 47: Modulation of GW by stationary waves (upper panel) and traveling waves
(lower panel). The signals of PW up to 80 km are represented as black contour lines.
In particular, for the traveling component indirect signals of PW are found, which
seem to move directly from the stratosphere into the lower thermosphere. At the
same time, the modulation by stationary waves appears to be more irregularly
distributed. A local minimum, which comes out in the winter mesopause, results
from the normalisation. Large values in the summer mesopause are probably
caused by in situ processes connected with a quasi-2-day wave (e.g. Manson et al.,
2003; Jacobi et al., 2006). These signals of GW modulation are not evident in
the lower thermosphere. By considering the long-term changes of GW modulation
in the lower thermosphere from 2002 to 2008, a tendency for a decreasing of
atmospheric GW potential energy can be observed in according to the solar cycle
(Fig. 47). Consequently, even the GW activity is affected by the solar cycle and
the possible coupling process is influenced by solar activity and is hence stronger
during the first half of the time considered here.
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Figure 48: Height-time cross section of GW modulation by traveling PW normalised
by the mean potential energy of GW for each winter season between 2002 and 2008.
The data are smoothed using a low-pass filter for periods greater than 30-days.
A smoothed signal of GW modulation by traveling PW for each winter during
2002 to 2008 is presented in Figure 48. The modulation of potential energy by
traveling waves Pt
{
Ep
}
, shown here, is normalised by the background energy of
GW Pm
{
Ep
}
(color scaling). The direct signals of traveling PW (contours) indicate
a maximum every midwinter, when the modulation of GW by PW is weak. A
strong modulation of GW is found in early and late winter during moderate PW
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activity. Using this normalisation the local minimum near the mesopause region
can be reduced and the direct propagation of GW into the lower thermosphere is
stronger visible.
The seasonal structure of GWmodulation in the lower thermosphere appears to be
comparable to the signals in the stratosphere/mesosphere, notably during the first
three winters. A minimum, which occurs almost every midwinter above 90 km,
is evident from the background climatology of GW illustrated in Fig. 49 (green
scaling), where the seasonal course of the potential energy of GW is shown. It
seems that the modulation of GW by PW depends on the strength of the direct PW
signal on the one hand, which is modulated, and on the mean GW activity as well
as on the mean zonal wind on the other hand. However, it also seems that high PW
activity in temperature fields is not always connected to a strong modulation of
GW, because the zonal wind determine the vertical propagation and the filtering
of the GW. Maybe, the analysis of PW e.g., geostrophic wind data derived from
SABER, would provide a better agreement in comparison to GW modulation.
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Figure 49: Vertical distribution of potential energy with time (color scaling) at 45°N.
Furthermore, shown are the modulation of GW by traveling PW (green lines), proxy
of traveling PW (black lines) and the background wind (grey contours).
Figure 49 depicts an extended view of the coupling process by combining different
information from MetO and SABER. The background wind (grey contours) in the
stratosphere determines, whether the vertical propagation of traveling PW (black
lines) into the upper mesosphere is possible. During prevailing westerly winds in
winter (40-60 m/s), strong wave activity is observed. The modulated GW signals
(green lines) presented here are normalised by the winter mean to demonstrate
the continuous signal of indirect PW signatures from the stratosphere to the lower
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thermosphere. The background potential energy of GW is given in green scaling
and shows a maximum around the mesopause (∼95 km). There are years in which
the direct- and indirect signals of traveling PW show a similar course between 40-
80 km (e.g. 2004/05, 2007/08). However, the years 2002/03, 2006/07 indicate
remarkable differences.
The possible connection between stratospheric PW and the indirect signals ob-
served in the mesosphere/lower thermosphere by GW modulation at midlatitudes
derived from SABER is depicted in Fig. 50. The correlation of traveling wave
proxies in the stratosphere with direct signals observed above (left panel, green
line) demonstrates a slow decrease with height up to 90 km. The information in
the lower thermosphere anti-correlates with the stratosphere. This behaviour is
expected and is consistent with the theory. PW are not able to penetrate directly
the upper atmosphere.
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Figure 50: Vertical distribution of the correlation coefficient between traveling wave
proxies at 45°N derived from SABER between 2002-2008 (left panel). The scatter
plot (right panel) indicates the possible relation between modulated GW by traveling
PW at 40 km and 100 km (blue dots) as well as traveling PW at 40 km and modulate
GW by traveling PW at 100 km (red dots).
The correlation of the indirect signatures of PW by GW modulation with height
(blue line) reveals a picture that is different from the direct signal. Up to about
60 km the correlation is of about R=0.8. Between 70 to 90 km a minimum in the
vertical profile of the correlation coefficient is calculated near R=-0.5. Above 90
km and up to 110 km the correlation of GW modulation by PW with respect to
values in the stratosphere reaches R=0.65. This property stresses the assumption
that parts of the GW spectrum are able to reach the lower thermosphere and carry
information of stratospheric PW indirectly through the middle atmosphere. In the
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mesopause region turbulent mixing by GW breaking causes the anti-correlation
compared to waves in the lower middle atmosphere. A similar course of the profile
is obtained by a correlation analysis of the direct signal of traveling PW in the
stratosphere with GW modulation from 30 to 120 km. The correlation coefficient
in the lower thermosphere from 90 to 110 km is R=0.5 and hence weaker. The
distribution of indirect wave signals between 40 km and 100 km is depicted in Fig.
50 (right panel).
7.2 A possible picture of vertical coupling
As already demonstrated in the previous Section, PWmay modulate GW. Their sig-
natures are able to almost continuously propagate into the lower thermosphere.
In this Section we present a possible evidence of the indirect coupling mechanism
between stratospheric traveling PW and ionospheric PWTO by the modulation of
GW at 45°N. Now, we extend the view of PW to such kinds oscillations as found in
ionospheric differential TEC.
Figure 51 shows the time series of traveling PW-proxy applied to data at different
heights from the stratosphere (40 km) up to the ionosphere (∼300 km). Their
amplitudes are normalised and scaled according to the corresponding height. The
stratospheric PW from MetO data at about 40 km (thick red line) represents the
actual wave activity of the traveling component. An extended view of direct trav-
eling PW signals (thin green lines) up to about 90 km and the modulation of GW
by traveling PW (thin blue lines) derived from SABER are added from 60 to 130
km. In addition, indirect wave activities in the ionosphere by the modulation of
TID (thin black line) and direct signals of PWTO (thick black line) analysed from
TEC-maps are also shown. In order to estimate a possible forcing of PWTO from
above, the standard deviation of the solar flux index f10.7 and the index for geo-
magnetic activity Ap are given by yellow and orange lines, respectively.
Figure 51 visualises a common picture of traveling PW activity from the strato-
sphere to the ionosphere. Coexisting characteristics are found during the first
three winters. In the second half of the series the indirect signal of PW by the
modulation of GW decreases in the lower thermosphere in accordance with the
solar activity. It partly shows the transmission path of transferring PW into the
lower thermosphere by the modulation of GW (PW→GW) where GW may trigger
small scale traveling disturbances in the ionosphere (GW→TID). Such modula-
tions in the ionosphere are registered as PWTO and are visible in the TEC-maps
(TID→PWTO). The upward directed arrows in Fig. 51 indicate periods of time
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when such a mechanism is possible. In these cases coexisting wave signals are
found in all datasets. Times, where upward and downward arrows coexist, should
be regarded with care, because the PWTO signals are likely caused by solar vari-
ations. In the early and late winters of 2002/03, 2003/04 and 2004/05 a con-
nection of traveling PW and PWTO is probably caused by the discussed process.
During the other winters the potential energy and the coexisting structures of PW
coupling are weak.
Figure 51: This figure demonstrates a possible transfer path, how stratospheric trav-
eling PW signals at 45°N can reach the ionosphere by the modulation of GW. Shown
are the proxies of traveling waves obtained by MetO temperature data (red line),
SABER (green lines) and the modulation of GW potential energy (blue lines). The
index of traveling PWTO derived from dTEC (thick black line) and TIDs (thin black
line) indicate the possible response of the ionosphere by waves coming from below.
Proxies for an external forcing are given in form of the standard deviation, calculated
for the solar- and geomagnetic indices (yellow and orange lines).
A spectrally resolved picture of the GWmodulation by different traveling PW com-
ponents remains beyond the scope of this thesis. The quality of the potential en-
ergy of GW derived from the SABER instrument varies considerably in space and
time. Only a non-spectral approximation of such possible processes might provide
promising results. Maybe a stronger outlier removal could improve the database
for spectral analysis.
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8 Summary, conclusions and outlook
The vertical coupling between the middle and upper atmosphere by planetary
waves (PW) has been studied in this thesis. During a seven-year period of time
from 2002 to 2008, different global atmospheric datasets from the stratosphere,
the mesosphere, the lower thermosphere and the ionosphere were analysed with
respect to PW activity. Using operational reanalyses (MetO) and temperature fields
from satellite measurements (SABER/TIMED) a spectral climatology of middle at-
mospheric PW is presented. Arranging the spectral information of purely traveling
PW into two-monthly averaged period-wavenumber spectra they reveal a seasonal
pattern of PW. By the used space-time analysis method based on Hayashi (1971)
it was possible to decompose stationary and traveling wave components.
Theoretically predicted Rossby waves (Salby, 1981a,b) with zonal wavenumber
1 were observed in winter and during the transition times (spring and autumn).
The summer easterly winds impede the propagation of long-periodic waves into
the mesosphere. Planetary wave type oscillations (PWTO) analysed from nor-
malised ionospheric TEC data at midlatitudes (52.5°N) indicate, from a climato-
logical point of view, a similar seasonal behaviour compared to the stratospheric
PW. Long-periodic westward waves maximize in winter. Especially, the 16-day
wave (k1w) seems to be a possible candidate for an indirect coupling between
the stratosphere and ionosphere in early winter, while the connection of the other
components seems more affected by the solar cycle. However, this can also mean
that the stratosphere/ionosphere coupling by PW is more pronounced during so-
lar maximum than during solar minimum. The result seems to be consistent to
the study of Mukhtarov et al. (2010). These authors observed a westward propa-
gating quasi 18-day wave with k=1 simultaneously in the stratosphere, the meso-
sphere, the lower thermosphere and in the ionosphere during the Arctic winter of
2005/2006.
Experiments using the middle- and upper atmosphere model (MUAM) (Pogorelt-
sev et al., 2007) were carried out to draw a climatological picture of the back-
ground wind, the temperature and global scale waves, such as PW and tides and
to demonstrate that Rossby waves cannot directly propagate into the lower ther-
mosphere. Only equatorial ultra-fast Kelvin modes are able to reach these heights.
In addition, reanalyses and satellite measurements were compared to the model
data for validation.
In order to detect coexisting wave signatures in the stratosphere (MetO), meso-
sphere/lower thermosphere (SABER) and ionosphere (dTEC) proxies of station-
ary and traveling waves were considered to give a simple non-spectral picture of
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common PW activity analysed from these independent datasets. Because PW can
only directly propagate into the upper mesosphere (∼80 km) in winter, the indi-
rect process by the modulation of gravity waves (GW) by PW were discussed in
this thesis. Derived from globally distributed temperature profiles, the potential
energy of GW was analysed, which contains information about their modulation
between 30-130 km.
It was shown that GW can indirectly carry signatures of PW. This seems to be
a regular phenomenon in the middle atmosphere and occurs every winter. The
strength of such indirect signal depends on the PW itself and the mean winds that
determine the vertical propagation or filtering of the GW. Thus, the analysis of
middle atmosphere winds (e.g. geostrophic winds derived from SABER) would be
more sensitive to the behaviour of GW.
By collecting all available information of PW/PWTO on which this thesis is based,
a possible mechanism of coupling between the stratosphere and ionosphere by the
modulation of GW is outlined. Especially, stratospheric traveling PW in early and
late winter seem to modulate GW and are simultaneously present in the lower
thermosphere. Compared to proxies in ionospheric TID and PWTO there exists
several cases around solar maximum (2002-2005), where such coupling seems
possible. The potential process around solar minimum (2006-2008) is less devel-
oped.
Consequently, the mechanism of vertical coupling, which has been proven, is char-
acterised by the fact that stratospheric PW activity modulates GW (PW→GW). In
winter GW obviously propagate upward into the lower thermosphere (120 km).
Due to the fact that ionospheric plasma acts to a certain degree as a tracer for the
neutral atmosphere and GW causing fluctuations in density and composition the
temporal behaviour between the PW-proxy derived from GW potential energy and
TID signatures appears comparable (GW→TID). Finally, the modulation of iono-
spheric TID amplitudes with periods of several days is considered as PWTO and
analysed from TEC-maps.
Although, the applied method based on proxies of PW provides only a general view
of this coupling mechanism, the results manifest a possible relation and the poten-
tial of such indirect coupling between PW and PWTO based on the presented trans-
mission path PW→GW→TID→PWTO. In order to reproduce the possible mecha-
nism by simple mechanistic circulation models (such as MUAM), an update of the
GW parametrisation would have to be done to install a more realistic spectrum of
GW characterised by, e.g. the phase speed and horizontal wavelength.
The general question that remains is: What causes the oscillations of PW types in
the upper atmosphere? This question could only partly be answered in this work.
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Although it could be demonstrated that GW can be considered as one potential
driver for ionospheric variability, however, other mechanisms e.g. the modulation
of atmospheric tides by PW are still likely. With regard to the work of Forbes
(2007) about dynamics of the upper atmosphere, a future questions are raised:
What are the spectral properties of GW, which penetrate the thermosphere from
below? How do they influence the variability of the thermosphere-ionosphere
system? In the future, a spectral analysis of the potential energy and wind com-
ponents derived from satellites could provide additional information about the
nature of GW in middle and upper atmosphere in the hope to answer this funda-
mental question.
An additional data source for comparison of wave activity in the thermosphere-
ionosphere system could be exploited, that is, in situ measurements of thermo-
spheric winds on-board of mini-satellites such as CHAMP (e.g. Liu et al., 2006;
Lühr et al., 2007). Together with the presented database and analysis methods
the question could be answered to what extent the neutral atmosphere effects the
behaviour of the ionized component by waves coming from below.
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9 Appendix
A.1 Climatology of stratospheric PW at different latitudes
Equivalent to the spectral climatology of purely traveling PW at midlatitudes (52°N)
presented in Section 6.2 (Fig. 37), stratospheric PW were also analysed for low
latitudes (5°N) and the southern hemisphere (52.5°S), which is shown in Fig. 52
& 53.
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Figure 52: Two-monthly mean PK-spectra for equatorial region (2.5°N).
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Figure 53: Two-monthly mean PK-spectra for southern hemisphere (52.5°S).
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A.2 Proxies of PW
The non-spectral method for analysing atmospheric data in the longitude-time
domain provides several proxies of PW. Figure 54 shows the seasonal variation
with height at 52.5°N (upper panel) and latitude at 1 hPa (lower panel) during
the period of time from 2002 to 2008. The mean zonal wind (only westerlies) is
given in gray shading. The different colors indicate the vacillations (green), the
stationary waves (blue) and the traveling waves (red).
Figure 54: The seasonal variation of several proxies for planetary waves with height
at 52.5°N (upper panel) and with latitude covering the northern hemisphere (lower
panel) are shown. The different color shading mean: westerly zonal wind (grey),
vacillations (green), stationary (blue) and traveling (red).
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A.3 Daily SABER data at different latitudes
Daily data of temperature and potential energy are continuously produced apply-
ing the introduced method (see Section 3.4) in a latitude range of 45°S and 45°N
during the period from 2002-07-01 to 2008-07-31. Similar to Fig. 14 the temporal
variation of the zonal standard deviation of temperature (upper panel), the zonal
mean temperature (mid panel) and the zonal standard deviation of potential en-
ergy (lower panel) near equator (5°N) and in the southern hemisphere (45°S) are
shown in Fig. 55 and Fig. 56.
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Figure 55: Height-time cross sections of SABER data at 5°N. Shown are daily zonal
standard deviations (σλ {Tdsc}, upper panel), daily zonal means (mλ {Tdsc}, middle
panel) and daily zonal standard deviations of the potential energy (σλ
{
Ep
}
, lower
panel).
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The zonal mean temperature at 5°N reveals a semi-annual oscillation (SAO) in
the upper mesosphere (middle panel) and no strong stratospheric PW activity is
observed in comparison to midlatitudes (upper). Information of GW shown in the
lower panel indicate a weak signal of the QBO in the stratosphere.
In the southern hemisphere (45°N) the highest PW activity occurs between Jul-
Aug-Sep. Such seasonal cycle in GW potential energy is also found there.
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Figure 56: The same as Fig. 55, but for daily SABER data at 45°S.
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A.4 Modulation of GW in southern hemisphere
The possible mechanism of vertical coupling by modulated GW through PW can
also be found in data in the southern hemisphere midlatitudes (Fig. 57). Signals of
GW and indirect PW are visible, which propagate without any time delay from the
stratosphere to the lower thermosphere. The magnitude of the GW modulation is
normalised by the long-term mean at each height level. This pretends a minimum
in the modulated signal in the winter mesopause, which is obviously caused by
the strong summer values.
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Figure 57: Possible mechanism of vertical coupling by the modulation of GW through
stratospheric traveling PW at 45°S. Shown are proxies of traveling waves calculated
from MetO temperature (grey line), SABER temperature (green lines) and potential
energy GW (blue lines).
9 APPENDIX 99
A.5 Modulation of GW (λz ≈ 6 . . .12km)
The results for the modulation of GW potential energy by PW were presented in
Chapter 7 based on a vertical wavelength cutoff of λz . 6 km. There is no evidence
that this part of the GW spectrum contains most of the small-scale disturbances
that are able to influence the variability of the thermosphere-ionosphere system
and do not dissipate in the mesopause region.
Figure 58 reveals the modulation of GW by stationary (upper panel) and traveling
waves (lower panel) using a bandpass filter of λz ≈ 6 . . .12 km. The difference to
Fig. 47 (λz . 6 km) is that the minimum of the modulated signal above 90 km in
every winter appears strongly reduced. The structure of the indirect PW signa-
tures in the lower thermosphere derived from GW seem to extend the direct signal
and picture of PW in the stratosphere and mesosphere more impressive. How-
ever, applying this method to filter out longer vertical wavelength (λz > 15 km),
problems occur above the mesopause region. Thus, at first the monthly averaged
temperature profile has to be removed from each single scan to obtain improved
results.
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Figure 58: Modulation of GW (λz = 6 . . .12km) by stationary waves (upper panel)
and traveling waves (lower panel). The signals of PW up to 80 km are represented as
black contour lines.
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A.6 SSW in the stratosphere/mesosphere
The daily temperature products derived from SABER are continuously retrieved
between 45°S to 45°N up to 130 km. Dynamical effects caused by SSW events are
hardly seen at those latitudes. Figure 59 shows the comparison of each winter sea-
son between 2002 to 2008 of SABER temperature data at 45°N (color scaling) and
temperature deviation at 60°N obtained by MetO reanalyses (contours). However,
a warming in the stratosphere is accompanied with a cooling in the mesosphere.
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Figure 59: Winter picture of SABER temperature distribution at 45°N with height
(color scaling) and MetO temperature anomalies at 60°N (black contours).
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A.7 Seasonal climatology of GW
Figure 60 presents the potential energy of GW (λz . 6 km) from satellite tempera-
ture profiles as two-monthly mean climatology based on 5 years of full data (2003-
2007). The maximum is observed near 90 km. The source of GW seems to be
symmetric around the equator at the lower stratosphere in almost all seasons.
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Figure 60: Height-latitude cross section of potential energy of GW derived from
SABER averaged from 2003-2007 for Jan-Feb, Mar-Apr, May-Jun, Jul-Aug, Sep-Oct,
Nov-Dec.
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A.8 Model run for January condition
For presenting the basic climatology of meteorological parameters in the middle
atmosphere as mentioned in Chapter 3, two model runs using the 48-level version
of MUAM for January and April were carried out. Figure 61 presents the model
results calculating monthly averaged conditions as well as stationary and traveling
wave proxies. Spectral results of purely traveling PW are shown in Fig. 62 by plot-
ting period-wavenumber spectra for the midlatitudes and two different heights.
In order to run the model for January conditions, the lower atmosphere is de-
scribed by the lower boundary conditions extracted from climatologically reanal-
yses (see Fig. 63) to generate the circulation in the middle atmosphere.
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Figure 61: MUAM run for January condition including Rossby-, Kelvin- and tidal
waves. The monthly mean zonal wind, meridional wind and temperature as well as
proxies of stationary and traveling wave (upper row) are shown. The lower panel
shows the vertical distribution of zonal wind (color scaling) and temperature anoma-
lies (black contours) at 52°N with time.
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Figure 62: Period-wavenumber (PK) spectra depicts the traveling PW components
at midlatitudes (52.5°N) and at about 45 km (left panel) and 70 km (right panel)
which are forced in MUAM.
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temperature (lower panel), phase (middle panel) and amplitude (upper panel) of the
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A.9 MUAM60 run for solar minimum and maximum conditions
One experiment using the 60-level version of MUAM was carried out for January
to study the meridional circulation of the thermosphere between 100 and 400 km
during the solar maximum ( f10.7 ≈ 200) and the solar minimum ( f10.7 ≈ 50). The
results suggest that the meridional transport is sensitive to the solar activity. The
difference reveals a stronger wind from the summer to the winter hemisphere with
4-6 m/s, as shown in Fig. 64 (left panel), probably due to the additional heating
in the southern hemisphere of about 40 K (right panel).
Changes in the neutral wind in the course of a solar cycle can affect the transport
of the ionised plasma and modify the winter anomaly. In comparison to the shape
of the seasonal cycle the traveling ionospheric wave proxies are shown in Fig. 36
(lower panel). The stronger meridional transport during solar maximum could be
responsible for the change of the seasonal anomaly observed in the total electron
content and the PWTO found during equinoxes, other than during solar minimum.
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Figure 64: Simulation using the 60-level version of MUAM to prove the response
of the meridional circulation to the solar activity. The left panel shows the merid-
ional wind during solar maximum conditions (color scaling) and the difference of the
meridional wind between solar maximum and minimum (contours). The right panel
indicates the temperature difference between solar maximum and minimum (color
scaling) and the additional circulation (arrows).
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From Fig. 34 a likely influence of solar activity on the vertical propagation of
stationary waves. It becomes evident during the winter 2006/07 and 2007/08
that the mesospheric signals of this component seems to vanish. Such an effect
of the solar cycle on stationary wave proxies was investigated by a MUAM run for
solar minimum and solar maximum conditions. Obviously, there is a connection,
which degrades the conditions for the vertical propagation of stationary waves
at midlatitudes of about 2-3 K in the mesosphere, due to the decreasing of the
mesospheric jet by 4-8 m/s.
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Figure 65: Simulation using the 60-level version of MUAM to prove the influence
of solar activity on the vertical propagation of stationary waves. Shown are the
proxies for stationary waves (left panel) for solar maximum (color scaling) and solar
minimum (contours). The differences (right panel) are given for the stationary wave
proxy (color scaling) and zonal wind (contours).
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A.10 Satellite data browser
Most of the scientific data (e.g. reanalyses and satellite data) are saved and pro-
vided in a Network Common Data Form (NetCDF) format.
Using the Python programming language a satellite data viewer has been devel-
oped, in particular for SABER data, which are saved orbit per orbit in a Netcdf
(.nc) format. By selecting one data file the content can be checked and several
parameters quick looked.
Figure 66: Snapshot of the satellite data browser showing vertical temperature pro-
files from SABER.
9 APPENDIX 107
A.11 Traveling wave proxies in zonal wind and temperature
In this thesis middle atmosphere temperature fields from reanalyses and satellite
were applied to analyse PW activity. In Fig. 67 a comparison of traveling wave
proxies calculated from stratospheric zonal wind (grey solid line) and temperature
(grey dashed line) at 52.5°N and 1 hPa is presented. The proxy of traveling PWTO
is added (thick solid line).
A better agreement of stratospheric and ionospheric wave activity can be obtained
for zonal wind than for temperature, especially in winter 2003/04, where the two
maxima in early and late winter are also found in zonal wind disturbances. Also
in winter 2004/05 and 2006/07 the correspondence seems stronger for the zonal
wind. Thus, for investigating dynamical coupling processes caused by PW and GW
propagation the zonal wind seems to be the more suitable parameter, because the
filtering effects of GW can be directly seen.
Because temperature products from SABER instrument on the TIMED satellite are
used to cover the middle atmosphere, this study exclusively uses temperature data
to extract wave components. In principle, the geostrophic wind is possible to be
derived from the horizontal pressure gradient also provided by SABER.
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Figure 67: Time series of traveling wave proxies derived from ionospheric dTEC (thick
black line), stratospheric temperature (black dashed line) and zonal wind (grey solid
line) at 52.5°N and 1 hPa from 2002 to 2008.
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A.12 Running spectra of PW and PWTO
Additional running spectra (of Section 6.3.4) of stratospheric PW (contours) and
ionospheric PWTO (color scaling) with k=2 for the westward (Fig. 68) and east-
ward (Fig. 69) traveling components derived from temperature (1 hPa) and dTEC
at midlatitudes (52.5°N) are shown. The black dots indicates coexisting wave
activity in both datasets.
Figure 68: Running spectra of westward traveling PW (contours) and PWTO (color scaling)
with k=1 at 52.5°N for each winter season from 2002 to 2008 derived from temperature
and dTEC. The dots mark coexisting wave signatures and the yellow shaded areas indicate the
spectrum of solar activity.
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Figure 69: The same as Fig.68, but for the eastward traveling components (k1e).
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